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I. _ETEBMINATIC_ CF POINTS CF ZERO CHARGE

1. Introduct ion

During the present report period, the radiotracer method for

investigation of adsorption was used for determination of points of

zero charge (PZC) as devised by Green and Dahms. 1 The principle of the

method has been described in a previous report. 2

The method was modified to some extent in order to attain an

overall higher accuracy needed in the determination of organic adsorp-

tion curves for the PZD method where precise location of adsorption

versus potential curves is required.

2. Experimental Modifications

The counter-electrode in a sidearm was replaced by a cylindrical

platinum wire gauze which surrounds the tape. This resulted in a much

more uniform current density distribution and thus a uniform potential

difference across the metal-solution interface.

The D.C. amplifier circuit _as discarded as it was not able to

potentiostat the tape electrode with sufficient accuracy. It was replaced

by a Wenking potentiostat and a Keithley electrometer. This arrangement

gives a closer potential control and accurate measurements of potential

difference between the reference electrode and the tape.

Except for these improvements the method is essentially the

same as previously used.
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3. Experimental and Results

The metals studied "_ere nlckel and platin,_m.

Nickel :

The pretreatment glven to nickel tapes was as follows : The

tape as recelved from _anerlcan Silver Company _as washed with acetone,

then vapor degreased with trichloroethylene for 30 minutes. The tape

_as then chemically etched in l:l hydrochloric acid for five minutes

at 35°C and then washed with distilled water before mounting in the

apparatus.

The cleaning compartment was filled with O.O1 N hydrochloric

acid and the adsorption compartment of the cell was filled with solu-

tions of appropriate cnncentrations of sodium perchlorate at pH _ IS

and labeled naphthalene. The tape was kept in the cleaning compartment

for one-half hour to remove oxide formed during handling. _hile the

tape was moving into the adsorption compartment, it was washed with

deaerated distilled water to remove any chlorlde ion adhering to the

tape. It was necessary to have the distilled water free from oxygen

since it _as determined that further unwanted oxidation can occur in

the washing step if this precaution is not observed. With oxide, the

adsorption maximum shifts to a more cathodlc potential (cf. Figs. 1

and 2).

The adsorption curves on nickel _ere determined for electrolyte

concentrations of 0.i and 0.01 N NaCIO 4. The PZC is shown to be -340 my

_ith respect to N.H.E. Adsorption curves and the PZC intersection are

shown in Fig. 2. The above result is in good agreement with PZC obtained



by Erasikov and Sysoeva 3 by capacitance measurements.

Platinum:

A doubly clad platinum on nickel tape was used. The tape was

washed with acetone and then degreased with trlchloroethylene for SO

minutes. It was treated further with 1:4 nitric acid, sulphurlc acid

mixture, _Tashed with water and then threaded through the cell.

The solution in the cleaning compartment _Tas O.O1 N SCl_ and

the adsorption cell contained 1.6 x lO -5 M naphthalene together with

the appropriate concentration of sodi_ perchlorate at a pH 12. A long

cathodic pulse (5 rain) was given at very low c_rrent density (0. i mA ca-2).

The tape was washed with deaerated distilled water before entering into

the adsorption compartment.

The adsorption curves were determined for electrolyte concentra-

_u_ of I _" O. _T and _ _ " "_ "_^ _ ^__ _ "-_ ......

tion of the adsorption vs potential curves (cf. Fig. 3) for these three

electrolyte concentrations is -40 mv (N.H.E.). This agrees reasonably

well _.lithKrasikov and Khelfets 4 _Tho measured PZC on platinum by a

capacity method.

Experlmentation is presently concentrated on adsorptlon-potential

determinations for gol&. To date, good agreement has been obtained

in comparison with the work of Dahms and Green I for similar NaClO 4

electrolytes. Work is in progress to determine further adsorption-

potential curves for other concentrations for precise location of the PZC.
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II. ELEC_IRGCATALYSIB

i. General

The field of electrocatalysis of importance to fuel cell research

has been reviewed and material prepared for publications. In the

appendix (Appendix l) the factors affecting the rates of chemical and

electrochemical reactions are analyzed. The difference between chem-

ical and electrochemical catalysis arising from the existence of an

applied field and from the presence of solvent is discussed from the

theoretical and experimental point of view. A discussion of the ways

to enhance electrocatalysis is presented.

The mechanisms of several electrode reactions (oxidation of

hydrogen_ hydrocarbons, oxalic acid, oxygen reduction) pertinent to

fuel cell reactions are discussed, as a prerequisite to considerations

of catal#sis.

An attempt is made to formulate some aspects of the mechanism

of catalysis for the hydrogen evolution and hydrocarbon oxidation

react ions.

The needed trends in research are discussed. Details are

given in the attached paper (Appendix 1).

2. Electrochemical Kinetics of Parallel Reactions

The electrochemical oxidation of complex substances, e.g.,

higher hydrocarbons may involve parallel reactions yielding partial or

other oxidation products in addition to complete oxidation products.

If such parallel reactions take place, the efficiency of a fuel cell,
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using these reactants as fuels will be lo_ered. Coulombic yields in

parallel reactions may or may not vary with potential. In the case where

coulombic yields vary with potential over certain potential ranges, the

complete oxidation product may result. A theoretical analysis of the

different possible cases iu parallel reactions was carried out and the

variation of coulombic yields with potentials in each case was considered.

Details are given in attached paper (Appendix 2).

3- Future _,lork

The potential sweep method has been widely used experimentally

in recent times to study mechanisms of interest in fuel cell research.

Ho_Jever, though a vast amount of experimental data is available, they

have not been interpreted to yield information on the mechanism of the

reactions studied. The method is being theoretically investigated from

the point of view of ascertaining its usefulness in obtaining the mech-

anisms of reactions.
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III. CA_LYT]D ACTIVITY F_ SIMPLE ELECTRCDE REACTIONS

i. Introduct ion

Although it has been known for some time that the electrode

substrate can affect the electrochemical rate of a reaction, little

effort has been made until recently to analyze what are the major fac-

tors, or what properties of the substrate affect the rate of a reaction.

Con_lay and Bockris, 5 for instaace, have observed a direct relationship

between the work function and logio for the hydrogen evolution reaction

on a number of metals. This study illustrates the importance of a

systematic study in determining major factors which affect electro-

catalysis.

It is cmnvenlent to divide the possible factors affecting the

rate of a reaction into t_1o major categories : geometric and electronic

factors. Geometric factors include interatomlc distances in the lattice,

arrangement of atoms in the exposed plane, grain boundary and grain

sizes of the substrate, and, also, one can include here, defects in the

metal catalysts, such as dislocation densities, strains, etc. Electronic

factors include the work function and the electronic structure of the

substrate (such as the number of unpaired d-electrons in the transition

metals and alloys or the d-band character of the metals ).

In general, in the study of the catalytic activity one tries to

keep all factors constant and vary only one. Often this is difficult to

achieve. Ho_lever, in the case of alloys, one may gradually change one

factor, for example, lattice constant_ keeping other factors essentially

unchanged.



The hydrogen evolution reaction (h.e.r.) has been chosen in

this study of catalytic activity since this reaction is simple enough

and thus is suitable for the study. _ch work has been done mn h.e.r.

in the past, and its mechanism and rate is known on a number of metals.

It has a comparatively high rate of reaction and seems suitable for

examining the various factors that will affect the rate.

2. Cell and Solution Preparation

An all glass cell consists of three compartments separated by

stopcocks: the test electrode_ counter electrode and reference electrode

compartment. Experiments were done under highly pure conditions. The

cell is cleaned Mith an HNO3-H_ mixture, and then with distilled and

conductivity _ater. The electrolyte was prepared inside the cell

without exposure to the atmosphere from the '_ransistaR" grade H_O 4

and redistilled conductivity water. The concentration of the acid is

determined by conductance measurements in the counter electrode compart-

ment. During the experiments, pure hydrogen is bubbled through the

reference and test electrode compartments, and nitrogen through the

counter electrode compartment. Further purification is made by pre-

electrolysis.

3. Electrode Preparation

Electrodes in the form of wire (d _0.5 mm) were sealed in

glass tubes, and as far as possible were treated in the same way. Usually,

electrodes were cleaned with RI_H2SO 4 (l:l) mixture for a few seconds

and then _Tith slightly warm 5(_HC1 solution. Finally they were washed



/

/

with conductivity and redistilled conductivity water. The washed elec-

trodes were heated in a furnace placed above the test electrode compart-

ment at approximately 1/3 of the melting points of the metal or alloy

concerned. They were heated for 2 - 3 minutes in hydrogen, and then for

15 - SO minutes in a N2 atmosphere. After being cooled in the N2

atmosphere, electrodes were transferred into the test electrode compart-

ment without being exposed to the room air.

4. E_xperimental Procedure and Results

Tafel lines were determined for both cathodic and anodic sides

of the reaction. In order to avoid possible oxidation and formation of

oxides on the electrode, electrodes were always kept at potentials below

those at which oxides may form. It _las observed that electrodes which

have been anodized for a short period of time (a few seconds ) and then

reduced behave differently.

Among the noble metals, Pt, Rh, Ir, Pd and Au electrodes have

been examined. Also, measurements were made on Au-Pd, Au-Pt and Pt-Rh

alloy series. Four compositions of palladium gold alloys, 25, 50, 75

and 90 A_ Pd, have been examined. Three Pt-Rh, and three Pt-Au alloys

were available for these experiments. Compositions of these alloys are

given in Table I together with the results obtained in this work.

Literature results on Ni are also included.

5. Discussion of the Results

Diagnostic criteria for the evaluation of some mechanisms of the

hydrogen evolution reaction have been summarized by Bockris. 6 For
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TABLE i: Exchange Current Density and Tafel b Parameter for Hydrogen

Reaction on Various Metals and Alloys (Acid Solutions).

Substrate io b

Au 5 x 10-5 ii0

Ft lO-3 30

Ni6 10 -5 ii0

Pd 10 -3 ii0

Rh 4 x 10 -4 30

Ir 6 x i0 '/_ 30

Pt -Rh(13_ at ) 7 x 10 -4 105

Pt-Ph(20%at) 5 x 10 -4 90

Pt-Rh(5_at) 5 x 10-4

Au-Pa(25 _ _t ) 7 x l0 -5 110

Au-Pd(50 _ at) 7 x 10-5 105

Au-Pd(7_ _ at ) 2 x l0-4 ll0

Au-Pd(90 _ at) 5 x lO -4 115

Au-Pt(lO _ at) 5 x l0 -5 llO

Au-Pt(20 _ at) 6 x l0 -5 ll0

-2
Au-Pt(95 % at) 5 x l0 30

platinum _ith a slope, b, of 30 mV_

slo_: atomic combination :

the proposed mechanism includes

H3 " "-_MH + t_O0+ + eO

MH + MH _S___2 M + H2
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The mechanism of hydrogen evolution on Rh and Ir electrodes,

which show the same slope as platinum, may also include slow atomic

combination, but further evidence is required to support this assump-

tion. Slope of about llO mV obtained on Pd, Au_ on Au-Pd alloys and

on Au-Pt alloys rich in gold is compatible with a number of mechanisms

and as yet it is too early to discuss mechanisms on these metals and

alloys. Even so, exchange current densities obtained on these metals

and alloys can be analyzed and related to some properties of the

substrates.

In Fig. 4 exchange current densities on Au_ Pd and Au-Pd alloy

electrodes are plotted against the atomic composition of alloys. Three

Au-Pt alloys are also included. There is little change, if any, in the

catalytic activity on Au and on Au rich alloys for the hydrogen evolution

reaction. On the Pd rich side of the Pd-Au system, however, activity

appears to be rather sensitive to the change in composition of alloys.

It is pcssible to plot the experimental values of logi o versus

the expected number of unpaired d-electrons per atom in these metals

and alloys (Fig. 5)- The plot reveals that the activity changes

linearly _zith the number of d-electrons, at least to a first approximatimn.

Experimental data on more alloy compositions will be required before a

definite conclusion with respect to the exact dependence can be made.

It is significant that Pt-Au alloys which are rich in gold have

Tafel slopes close to lo_O mV, thus behave differently than Pt. If, on

the basis of the identity of slopes, it is assumed that the mechanism

of the hydrogen r_action on these alloys is the same as on Au electrodes,

then the io values on tLese alloys may be compar._d with those obtaiued
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on Pd-Au all_s. From Figures 4 and 5 it appears that the same trend in

the change of catalytic activity exists in gold rich Pt-Au alloys as in

Pd-Au alloys. What is surprising is that a Pt-Au alloy which is rich

in platinum, should follow the same trend, although the Tafel slope

for this alloy is different from that observed on Pd or Pd-Au alloys.

A similar dependence of logio on the number of unpaired

?
d-electrons was recently observed on Cu-Ni alloys. Both of these

examples, and the behavior of Pt-Au and Pd-Au alloys, show that the

d-electron structure must be considered in the analysis of catalytic

activity for the hydrogen reaction. Further study on the catalytic

activity on other metals and alloys is in progress with the aim of

determining other properties which might affect catalysis.
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IV. DEACTIVATIC_!CF ELEC_RCOES

i. Objective of the Stud_

The objective of the study is to determine factors causing the

activity of an electrode for a given reaction to decrease with time. There

may exist a multitude of facLors, often aiding each other in causing

this deactivation phenomenon. The purpose of the investigation is to

find these factors and to evaluate the relative contribution of each in

the deactivation in typical cases of electrode kinetics. Understanding

the general phenomena has particular bem_ing in electrocatalysis in fuel

cells.

2. Criterion of Deactivation

Under steady state conditions, the current-potential relationship

is well defined, and can be measured either galvanostatically or poten-

tiostatically. When deactivation occurs, an electrode begins to show

a drift in either potential or current from that of the steady state

during the respective conditions of galvanostating or potentiostating.

The magnitude of drift is dependent on time, and the changes in current

or potential during electrode kinetic studies might constitute a criterion

for the deactivation. In the present studies the galvanostatic procedure

has been used.

3. Choice of Reaction

The magnitude of deactivation and the causes for the same depend

mainly on the kinetic parameters of electrode reaction. Selection of

js
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reactions to study in this work is based mainly on the importance of gas

electrode reactions in fuel cells. Two gas electrode reactions have been

chosen; these are (i) electrodissolution of oxygen and (ii) oxidation

of hydrogen. Commonly used electrode materials, such as platinum_ silver

and nickel, have been considered. The choice of the electrode system

would depend on the conditions of the experiment, namely on the acidity

or all_linity of solution and on the potential range for the experiment.

In the reporting period preliminary experiments have been carried out

on the o_gen reduction reaction on platinum electrodes.

4. Possible Causes of Deactivation and Experimental Planning

There are two general views which may explain the phenomenon of

deactivation. One of these is poisoning theory, and the other is the

theor_j of "recrystallization3 " or rearrangement of the electrode surface.

The former refers to the effect in which adsorption and accumulation of

impurity on the electrode (and also in the solution) causes the deactiva-

tion. The "recrystallization" vie_ relates the deactivation to the

intrinsic change in the electrode surface that occurs during the reaction

time.

Investigation of the phenomenon of "recrystallization" obviously

calls for optical examination of the electrode surface before, during and

after the reaction. Both light and electron microscopic studies have

been planned in this regard. The general difficulty one experiences

during these measurements is the preparation of flat surfaces required

for the microscopy. In these e_periments, platinum electrodes were

made by sputtering on flat glass. Sputtered electrodes have fine
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mlcro-crystalline structure under high strain, and as such are prone to

deactivate by recrystallization. This type of deactivation may be

discriminated from that due to "poisoning" by comparing experimental

potential-tlme curves obtained with the same electrode in two fresh

solut ions.

The poisoning theory may involve many possibilities, ranging

from the formation of a visible "passlve" layer that blocks the electrode,

surface to that of the attack of a small amount of '_oisons, " which may

be th_ products of the reaction, at active centers. Due to their par-

ticipation in the electrode reaction, "poison"may also cause mixed

potentials to establish. The influence of this type of deactivation

depends mainly on the sources of "poisons" and the rates at which they

are introduced into the reaction system. Very low concentrations of

these substances could cause deactivation, and thus present analytical

problems in their detection and determination. An indirect approach to

this problem could be made by comparing the high purity runs with those

done under normal conditions, and those run in the presence of "impurities"

at kno_m concentrations. Spectrophotometry, gas chromotography, gas

absorption technique, and mass spectroscopic methods can be used in

the analysis.

5. Experimental Procedure

5.1 Chemicals and solution

Analytical grade chemicals are used to prepare solutions.

Further purification is rendered by pre-electrolysis. The gases used

in the studies are also purified bypassing through purification trains.
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Between the purification train and the main cell was placed an auxiliary

vessel containing redistilled conductivity water. It served to saturate

the gas coming out of the purification train with water vapor. In this

way discharge in the solution concentration in the main vessel was

avoided. Since the effect of deactivation is that of negative catalysis,

the 'history of the electrode" is controlled by using a new electrode,

prepared in the same way, for each measuremmnt. Sputtering technique

affords preparation of the electrode a few hours before it is intended

to be used. By careful transfer of the electrode in special containers,

the effect of contamination has been minimized.

5.2 Electrodes

Initial sputtering experiments showed that opaque films of

platinum are non-adherent to glass in spite of careful cleaning of the

glass surface. In _o_ +_

tantalam (a few angstroms thick) is first sputtered on glass, and then

a thick coating of platinum is applied. With this technique a well

adherent film of platinum is obtained. The base layer of tantalum

does in no way interfere with the performance of platinum electrode, as

the platinum layer is non-porous. Also, there is no edge effect as

tantalum oxide, to _Thich tantalum transforms, has sufficiently high

resistance (an insulator)j and does not take part in local cell reac-

tions. In order to get the suitable shape of sputtered electrode, a

die was designed and made. It has provisions which prevent spreading

of the sputtered material to the edges of the supporting glass that

give the exact size of the electrode and, at the same time, allow a

narrow extension for making the contacts fit. To mount the electrode
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in the cell the contact end of the slide is held in position with a

thin platinum foll and a Teflon clip. Electrical connection is made

to the thin platinum foil by a platinum wire which is sealed to the

glass tubing and attached to the cell cap.

5.3 CIrcultry

Due to the time required for each experiment (about one _eek),

and the need to have a n_mber of experiments so that the results can

be statistically calculated, experiments were planned to run in six

cells simultaneously. In order to use only one vacuum tube voltmeter,

one constant current source, and one recorder for measuring in all

cells, a cam switch had to be introduced in the circuit. It alloued

alternating measurements to be made on the different cells. The current

flo_ing thro1_a each cell was kept constant and the potentials of the

electrodes in the individual cell were measured and recorded independently.

6. Data and Discussion

In the preliminary measurements, the variation of potentials

with time on platinum electrodes in oxygenated sulfuric acid solutions

was follo_Ted. Current density on each electrode was different. Fig. 6

gives the long time polarization curves for the different current

densities.

Data on open circuit potentials of the systems before and after

the long time polarization studies has also been collected. It has been

found that the rest potential on an electrode after long time polariza-

tion is 60 to 80 mv less than that before It _s subjected to polarlzatinn.

A fresh electrode immersed in the solution already used for long time
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polarization shows the rest potential in between that of the fresh

system and of an electrode after prolonged polarization. Further, an

electrode already used for polarization measurements, _hen dipped into

fresh solution takes up rest potentials in between fresh and polarized

systems.

As a first approximation, it can be assumed that at any instant

an electrode is in quasi-equilibrium with various components affecting

the electrode kinetics, and that a pseudo-steady state is reached.

Nith this assumption, a set of Tafel lines, each for a given interval

of time, could be drawn from the current-potential relationship. _nis

is shown in Figure 7. The following conclusions can be dra_m from such

a plot :

(a) The slopes of all the lines are around 80 mv of the time

to which a given line corresponds. This indicates that the same electro-

kinetic mechanism is involved all through the reaction, from 8 sec to

50 hours of polarization.

(b) On extrapolating the Tafel lines to the potential of rever-

sible oxygen electrode, i.e. 1.23 V, the exchange current density for

different intervals of time can be calculated. In the following table,

the variation of exchange current density with time of deactivation are

given (Table II).

It is seen that there is a gradual decrease of axchange current

density with increasing time of polarization. The cause of deactivation

of the observed magnitude may be due either to intrinsic change in

surface structure and area of the electrode, due for instance to re-

arrangement in the surface, or due to "poisoning. " Rest potential
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TABLEII. Extrapolated ExchangeCurrent Densities at Various Times of

Polar izat ion

Time of deactivation Exchangecurrent density

8 sec. 2.1 x i0 -II

i rain. 1.3 x i0 "II

i hour 5-5 x 10-12

i0 hours 2.6 x 10-12

50 hours 1.4 x lO-12

measurementsare indicative of the predominance of the lather cause.

Further diagnostic experiments are, however, required to find out the

relative contribution of the above mentioned causes of deactivation.
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V. MC_EL POROL_ ELECTR(DE

A. DESI_ CF PGIENTIOSTAT

i. Introduction

The "slit" electrode can be studied in either of tvo modes,

i.e. constant current or voltage (and related transient forms). Each

mode yields useful information, l:ith constant current, one has accurate

knowledge of the number of coulombs passed, but the potential usually

swings through a wide range, where several reactions are possible (and

not controllable in many cases). Steady state values are frequently

reached only slowly, for double layer and pseudocapacitance charging

must be accomplished before the reaction under study is affected.

The constant current mode has the advantage that IR drops, while they

may be large, are relatively constant and can easily be calculated

out (except where IR changes associated with diffusion controlled con-

cantration changes in the electrolyte are concerned. ) Consecutive

reaction steps are usually fairly well defined, and the amount of reaction

can be simply dete_nnined.

Potentiostatic measurements have the advantage that at least in

simple systems, only one reaction predominates at a time, and that sys-

tem can be isolated and studied by a judicious choice of potential

interval.

The interpretation of the resulting current measurements are

relatively straight-fo_ulard for the steaay state, but transients present

difficulties arising from several sources.

a. Since the current can vary over several orders of magnitude
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with time, the IR drop is not constant, and the assumption that the

"true" electrode potential is reached almost immediately is frequently

quite incorrect.

b. Potentiostats, being high-gain wide band-width feedback

devices, with a relatively fixed gain.-bandwidth product, have a

resultant imherent limitation as to the response time and/or the voltage

accuracy obtainable. In order to optimize this behavior, correct cell

design can be a _ritlcal factor for the elimination of oscillation and

ringing.

c. IR contributions are not immediately separable, as they

are under constant current conditions.

d. With potentiostatic transients, the reaction times may

not be selected independently.

Within these limitations, however, potentlostatic measurements

are extremely useful. To this end, the potentiostatic circuit described

below has been constructed for use with the model slit-pore electrode.

2. Potentio_tat

The basic electronic feedback circuit is sho_Tnin Fig. 8.

A is a high-gain wideband differential amplifier. This amplifier com-

pares electronically the potential difference between the reference

electrode (R.E.) and the working electrode (W.E.) (i.e. with respect to

ground) to a present potential at Eref. The feedback connections are

such that if the measuredvoltage is too low, the output voltage is

raised sufficiently to increase the curreut through the auxiliary elec-

trode, and to bring the potential back to the desired value. A similar
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but opposite action occurs if the voltage is too high.

In actual practice, the situation is more complex than as stated

The gain of the amplifier is limited by the following consider-above.

ations :

a. The more stages present in a D.C. coupled feedback amplifier,

the greater will be the internal phase shift at the frequency extremes,

and the greater the likelihood of oscillation.

b. Drift and noise, both inherent parameters of the input

stages, are amplified as well as the input error signal, and amplificatlau

beyond the point where the signal and noise are approximately equal

is clearly of no value. These and other inherent limitations can"be

roughly, but conveniently, expressed in terms of a "gain-band_lidth prod-

uct." For a given system, this means that voltage accuracy can be

obtained only at the expense of transient response and vice versa.

The potentlostat used in the present experiments is shown schem-

atically in Fig. 9. The amplifier is channel one of a TeWcronix Type

SA3 dual-trace d_fferential preamplifier in a Tektrauix Type 564 Storage

Oscilloscope. (Note: in this series of oscilloscopes, the D-C coupled,

ground referenced signal is available at pins ll and 12 of the preamp

connector and may be brought out through jacks in the rear of the unit. )

Also included is an output c_npound emltter-follower amplifier consist-

ing of 2Nl132 and 2N1906 transistors which form a low impedance, high

current output fc_ the amplifier. The output of the oscilloscope has

a + 15V swing, and resistors R1 and R2 serve to limit the current drive

into this stage. (Since only the anodic r2glon is to be studied_ PNP

transistors were chosen for the output. If cathodic measurements were
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to be performed, NPN units such as the 2N2053 and 2N2054 could have been

substituted with reversed polarities. ) Use of the oscilloscope preamp-

lifier, with its variable gain control allo_s the selection of optimum

gain consistent with oscillatlon-free operation.

Two potential reference sources are incorporated in the unit.

One is Zener diode referenced by back to back Zener diodes D 1 and D2 with

respect to ground, and is used for setting the base-line steady-state

potentials for the transients. S_itch S4 selects the polarity of current

through the Zeners by way of the currmnt limiting resistor R8. Approxi-

mately 6 volts is developed across the diodes, and R5 trims the resistance

of the string R4,5, 6 & 7 such that precisely 1 ma flows through. R4 and

are precision IK resistors, selected by switch S3 such that only one

at a time is in the string, producing a one volt drop above or below

the lO-turn pot R6. In this fashion, ten turns of the pot R6 can be

set to precisely one volt, and switch S3 adds an additio_l volt when

needed, giving a base-llne voltage frQm - _ to + 2V with a resolution

of 1 mv.

The second voltage reference consists of a Hg cell B1, a lO K

lO-turn pot Rlo and a trimming resistor R9 that is used to set the volt-

age across pot RlO to exactly 1 volt. Switching of this auxiliary

potential in and out of the circuit is accomplished with the Hg relay

Kl, _hich is cozL_e_ted so that the battery circuit is normally open

(resulting in a lc._ier battery life). When the relay closes, the con-

tacts 2, 3, _nd L _u'o _horted together, glv'n_ the current in the pot

(which has a relatively poor frequency cha_'ac_sristic) time to build up

to a steady value. After about a millisecond, terminal 4 is opened and
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the new potential is added (or subtracted) to the base-line value set

on pot R6. (The rlse-time of the voltage reference signal with this

arrangement is better than 10 -6 seconds to within 3_ of the final value. )

The current through the cell is measured across resistor RII. The rapid

transient portion of the current waveform is measured differentially

with channel 2 of the 3A3 preamplifier, and observed directly on the

oscilloscope screen. The slower portion is measured by the unity gain,

DC coupled differential ampllflsr consisting of a Philbrlck P-2 and

R12,1S,14 & 15 which gives a single ended output for driving a poten-

tiometer recorder. (RI6 and RI7 comprise an attenuator for setting

the recorder sensitivity. )

The auxiliary electrode is then connected to output and the

working electrode to ground. _ serves to bias the output stage in the

cathodic direction and draws a standby current of about 30 mA, which

current can polarize in the cathodic direction when the output is in

a cut off condition. Decreasing the value of this resistor will increase

the maximum cathodic current, but at the expense of the anodlc branch.

3. Error Analysis

A possible equivalent circuit for an electrode system under

study is shown in Fig. lO.

The potentlostat amplifier is shown at A1, the current amplifier

is A 2. RA and CA represent the am_illary electrode, Rcell is the solu-

tion and/or stopcock resistance betL_een the a_xiliary electrode (A.E.)

and the point of connection of the reference electrode capillary (which

has a resistance Rcap). The working electrode comprises RR (the equiv.
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reaction resistance), CDL (the double layer capacitance ), and RpS snd

Cps (the resistance and capacitance associated with any pseudo capaci-

tance ).

Distinction must be made between the 'true" electrode potential

and the potential held constant at the tip of the capillary. At steady

state values where the current has dropped to the milli- or micro-amp

range this form of error is not serious. However, during the initial

portion of a transient, whe,_ the current can be several hundred mA,

the CDL prevents the electrode potential from changing instantaneously

and al___lof the voltage change is present as IR drop across Rsoln

(solution resistance). Even at steady state there is still an error

voltage 6 E at the tip of the capillary given approximately by

i(P + RA + Rcell + Rso +
Ereg = A

With a typical amplifier gain, A 3 of i000, at high currents, of the

order of lO0 mA, even moderate resistance (_ 100_6_) in any of the

components can produce errors of lO inV. The "true" electrode potential,

, will be off by yet another factor

6_ = 6Ereg + iRsoln

Associated with any system for measuring the current will be the

stray capacities C1 and C2. These capacities will not directly affect

the accuracy of the transient potentials at the electrode, but they do

create problems in the measurement of the current. If C1 is large,

it can produce unwanted phase shift in the feedback loop, leading to

increase instability and oscillations. C2 will also introduce its own

phase shift, but it has the additional drawback that all current needed
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to charge it to a new potential also passes through Rm, the current

measuring resistor. Thus, even though the voltage may be correct, a

spurious current reading can result.

For adequate transient work, the reference electrode and capil-

lary should be designed as carefully as possible, for the capillar_ and

its resistance and stray capacities introduce additional phase shift.

(Note : marginally unstable systems can sometimes be stabilized

with a small capacitor between the output and the negative input. This

capacitor can take the form of a short section of insulated wire (1-2 ft. )

cut in half and twisted together. )

B. EXPERIN_NT AND RESULTS

i. Slit Electrode System

Work with the cell described in the previous report 8 has been

started, using the larger sllt widths. Fig. ll shows the steady-state

values of current versus potential for three meniscus configurations.

Curve la is for a sllt 5 mm wide, and 1 cm deep in the ascending voltage

region and lb is for decreasing voltages. Curve 2a is for a slit 0.5 mm

wide and 2 cm deep and curve 2b is for a slit 0.5 mm wide and 0.5 cm

deep. Curve la shows an initial rapid rise of current to a diffusion

(and convection) limited plateau, and then a rise in current at oxygen

evolution potentials. The retrace curve, lb shows the typical behavior

of an H2 consumption electrode, in that it has become "activated" by

the treatment at high anodic potentials.

Curves 2a and 2b, where diffusion and convection are much more
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limited, sho_ a lower initial current, and a pseudo-ohmic behavior up to

the point of 02 evolution. These smaller slit sizes also sho_ a marked

"activation, " but to a lesser degree than in the wide sllt case.

Fig. 12 shows two successive runs, with increasing and decreasing

potentials, on a sllt 0.5 mm x 1 cm. After the initial rising portion l,

the curves were reasonably reproducible and show several regions of

interest. (Note: S_ce potentials were measured vs the C/h-PdH electrode,

open circuit is at ?_ = - 0.065 volts). The first 50 to 100 mV shows

the rapid non-linear rise to the diffusion region, after which the

current rises more slowly in a linear fashion to about 500 mV. The

currents measured in this region are steady and reproducible. Starting

at about 500 mV, the current measurements become very erratic and a

"mean" value is more difficult to obtain. However, in general, the

behavior continues roughly similarly to the first region. In the third

region, from O.R to 1.6 volts, a negative resistance is encountered,

producing low frequency oscillations with a period of 2 - l0 minutes.

The cross-hatched areas of the curve represent the range of current

excursions during the oscillation. On switching on the potential, the

current initially rises to its high value, then slowly drops to the low

value (which appears to be a critical current density, relatively

independent of potential) and rises again in 2 - 3 seconds to the high

value. (The oscillations are probably due to two competing reactions

coupled through a mutual dependence on coverage by some species such

as oxide, oxygen, etc., on the surface. ) Beyond 1.6 volts, visible

oxygen bubbles form on the electrode surface, which impede further study;

thus, practice is to keep the potential below this value.
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2. .Meniscus Heating Effect

Microscopic examination of the meniscus d_ring operation of the

electrode in the potential region above 0.5 volts sho_ed an unusual

behavior. _ae gas-solution-electrode boundary, previously stable with

re_rd to its position was observed to undergo shifting. Close examination

showed that small droplets of liquid were forming on the surface of the

electrode in the gas phase, growing in size and moving downward to join

the main liquid. This was clearly the cause of the erratic current

readings obtained in this region, since most of the current is produced

in the meniscus at these potentials, and the actual length of the meniscus

probably fluctuates some lO - 20% locally during the process of drop

impingement.

In the anodic consumption of H2, the lost energy, which is the

product of the current and the overpotential, appears as heat. Consider-

ing the immersed electrode as a whole_ this dissipation is only a few

hundred microwatts per cm2. Ho_Tever, since there is good evidence that

the current is concentrated in a few tenths of a millimeter (or less) of

the meniscus, it is clear that local heating effects can becmme signif-

icant. The probable interpretation of the mobile meniscus is, then, that

the local heating raises the temperature of the thin electrolyte film

to the point where the vapor pressure of the sulfuric acid solution is

equal to the vapor pressure of pure H20 at the ambient temperature. At

this point, a third phase, pure water, becomes stable, and can condense

on the cooler electrode above the meniscus. The fact that this behavior

has not been observed before, is probably due to the fact that earlier

measurements were made in open systems _There the H20 vapor concentration
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could never build up to the levels required.

The implications of this phenomenon are interesting from the

point of view of real fuel cells. The meniscus heating effects are

greater in finer electrode capillaries, and the condensation products

above certain power levels can condense in the small capillaries,

effectively blocking and/or flooding portions of the electrode from

further activity. Also in the absence of stirring in fine pores, a

continuous separation of _ater with resulting high local electrolyte

resistance may occur.



29

VI. NATURE CF THE CATALYST StRFACE

i • Int roduct ion

The rate of an electrochemical reaction may depend on the

number of variables which characterize the catalyst surface, for

example, the metallurgical grain str_cture of the electrode.

In the first stage of this project, an attempt has been made to

find out whether the grain size of inert metal electrode has an influ-

ence on the rate of an electrochemical reaction. Platinum was chosen

as the electrode material.

2. Experimental

Platinum electrodes with different grain sizes were prepared by

heating at a high temperature, 1650°C or 1250°C. The starting material

was a platinum sheet, 0.05 mm thickness. As is known from the literature,

the thickness of a metal sheet limits the diameter of grains because the

free surface is an inhibitor for grain growth. The maximum grain size

obtained from a given sheet was approximately equal to the thickness of

the Pt sheet. To get larger grains, it was necessary to take a Pt rod.

Grain size was determined by observation under a microscope (see Fig. 13).

For the electrode specimens prepared in a furance, it was observed that

the surface was thermally etched with well-revealed grain boundaries. In

the case of electrodes not prepared by heating (for instance, the start-

ing material)_ etching was done by a.c. polarization in an HC1 + NaC1

solut ion. 9

Electrodes were cleaned in hot alkali solution (at 65 - 70°C)
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for i rain., and in a fresh, hot mixture of HN03 + H2SO 4 for 1 hour.

Electrodes were not activated before measurements.

The cell for the electrochemical kinetic studies was the standard

three campartments cell.

3. Influence of Grain Size on the Kinetics of the Fe3+/Fe 2+ Reaction

Current potential relationship for the reaction

Fe 2+ _---Fe 3+ + e

was studied by Gerischer l0 in a linear region from + 4 to - 4 mV, and

by Lewartewicz ll and Petrocelli 12 under conditions of mixed activation

and diffusion control in a wider region of overvoltages (up to + 200 mV).

After determining the transition time, it was decided to use

gal_nostatic transient technique to determine the current-potential

relationship under conditions of pure activation control. The reaction

was studied at room temperature in the solution: 1 M H_O 4, l0"2 M

Fe 4(S04)2 x  20,andlO-2M Fe( 4 2(S04)2x 6 0.

Galvanostatic transients, with pulse duration of 200_ sec. and/or

l0 msec were photographed with Polaroid camera on the CR0 screen.

Separate transients (500_& sec. d_ration, from 8 to 40 mV) _Tere taken

for determination of ohmic overvoltage, __ .

The mean value of the Tafel slope, in the region studied is

125 mV, the double layer capacity 31_F/cm 2, and exchange current

density is 1 x 10-3 A/cm 2. Typical results obtained are shown in Fig. 14.

From the figure, one can notice a difference bet_een first and second

measurements. The second measarement is well reproduced by further

repeating even after 24 hours. Analysis of the rosults obtained on
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electrodes with various grain sizes indicate that grain size has a

negligible influence on the i o for the Fe2+/Fe3+ reaction.

4. Kinetics of H_drogen Evolution Reaction in Acid Solution

Hydrogen evolution was studied in purified 0.2 M and i M H2SO 4

solutions, on non-activated electrodes.

A. 0.2 M H2SO 4 Solution

Platinum electrodes used in this work were in the form of rods

with grain, sizes of about 200/% and 600/_ in diameter, and also 'as is'

starting material.

For determination of the c_rent-potentlal relationship, long

time (about 1 min. ) polarization measurements were made. The region

examined was 5 x l0 "5 to 2 x lO -3 A/cm 2. In this region, the mean

value of Tafel slope was ll5 mV. The exchange current density was

5 x lO -5 A/cm 2. In these experiments, the solution was pre-electrolyzed

for 21 hours at 1 mA/cm 2. Some of the results obtained are shown in

Fig. 15. It is interesting to note that second measurements gave

slightly higher values with the same slope.

B. i M H2S04 Solution

Electrodes used in this stildy _ere cut

An electrode _'ith graln size of about 100_C
i

zation. Also a platin_m cylinder electrode,

with _ains of about 700/_C in di_u6_er.

The current-potential relationship was determined by long time

from Pt sheet 'as is'.

was prepared by recrystalli-

dismeter 5mm_ was prepared
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(about i rain. ) polarization measurements. The region examined was

5 x lO-6 to 6 x 10"4 A/cm2. In this reginn, the Tafel slope was found

to be 49 mVfor all electrodes. The exchange current density was

3 x 10-6 A/cm2. In these experiments solution _Taspre-electrolyzed

for 40 hot_s with lO mA/cm2. It is important to emphasize that in all

experiments electrodes were not activated.

The results maybe taken to indicate that grain size has little

influence on the rate of hydrogen evolution reaction.

Future Work

It is intended to use single crystal Pt electrodes and investi-

gate the influence of crystal face on the kinetics.
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FIGURE 13

Microscopic view of platlmun electrode.
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ABSTRACT

The factors affecting the rates of chemical and electrochemical

reactions are discussed. The differences bet_een chemical and electro-

chemical catalysis arising from the existence of an applied field and

from the presence of solvent are discussed from the theoretical and

experimental point of view. A discussion of the ways to enhance elec-

trocatalysis is presented.

The mechanismsof several electrode reactions (oxidation of

hydrogen, hydrocarbons, oxalic acid, o_Tgeureduction) pertinent to

fuel cell reactions are discussed, as a prerequisite to considerations

of catalysis.

An attempt is madeto formulate someaspects of the mechanism

of catalysis for the hydrogen evolution and hydrocarbon oxidation

reactions.

The needed trends in research are discussed. __/



ELECTROCHEMICALCATALYSIS
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N64- 3519 

I. II_fRODUCTIOH

Among simple divisions which can be made in methods for electro-

chemical energy converslou, a convenient one is between higher temp-

erature (say> 300°C) and lower temperature systems. The aim of work-

ing at the higher temperatures is to increase the rate constants of the

electrochemical reactions sufficiently so that the overpotentlals associ-

ated with the interfaclal reactions are reduced to negligible amounts.

This aim is attained in certain systems, for example in concentration

cells in which the Interfacial reaction is the dissolution of a metal

from an amalgam, and the working temperature is about 300°C (the resid-

ual irreversibility is dlffuslonal). 3

However, even at 990°C, the overpotential at a c.d. of about

-2
1 amp cm for the evolution of CO2 arising from the discharge of

1
oxyanlons in the A1203-cryolite system is about 0.7 volts, so that

raising the temperature to near to a region above that usually considered

practical in electrochemical energy conversion does not necessarily

eliminate the need for consideratlou of factors controlling the rate

constants of electrochemical reactions.

For low temperature electrochemical energy conversion, con-

siderable overpotentlals exist at the present time in all systems
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hitherto devised, 3 except that of the hydrogen electrode (see Table I),

and this situation particularly in respect to hydrocarbon oxidation and

oxygen reduction provides the principal stimulus for studies in electro-

catalysis.

Fundamental studies in electro-catalysls have hitherto been

few. 13 Except for those on the hydrogen evolution reaction* (h.e.r.),l_'19

most studies of the mechanismof electrochemical reactions have been

limited to one or a very few metals. It maybe regarded as premature

already to attempt a synthesis of the limited knowledge lu the field

at present. The central nature of the overpotential reduction (cataly-

tic) problem In electrochemical energy conversion** encourages this

attempt. An electrochemical approach to catalysis has importance not

only because of electrochemical energy conversion but also because it

provides a convenient method of varying the heat of activation for a

reaction, and hence inducing controlled changes in its mechanism,a

device of great value in catalytic research in general.

The following indicates the possibilities in electrochemical

energy conversion, the realization of which dependprincipally upon

improvement of the position iu electro-catalysis.

* Thus, the remaining catalytic problems for this reaction are now
small.

**This importance increases as the prospects for application of
electrochemical energy converslon increase, for the amount of noble
metals which would be required for large scale use is too large
for the available supply, without increase in the depth of mining
and hence of cost.
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TABLE I

EXTRIIISIC LOSS IH _RGY COLrv-ERSIOI_EFFICI_2_CY DUE TO

I_i&DEQUATE CATALYSIS OF REACTIONS COI_fROLLIITG ELECTROCHEMICAL G_RATORS

Electrochemical T°C Current

DensitY2
(amps cm )

Reversible Total over-

cell poten- potential,

tlal at T°C except IR

Loss in energy
conversion

efficiency due

to inadequate
catalysis*

_g/K-K 3 2OO° O.229 1.100 0.182 16.5

H2_O 2 2 67° 0.350 1.197 0.515 73.1

H2-Br 2 4'5 25° 0.120 1.070 0 0

C2H2_02 6 80° 0.002 1.279 i.i00 88.1

C2H4_02 7 65° 0.020 1.167 0.972 80.7

c2n6_o 2 8 9o° 0.028 1.072 0.722 67.2

Decane_02 9 ii0 ° 0.073 1.063 0.813 76.5

Methanol.02 I0 90° 0.050 1.180 0.680 57.6

Urea.02 ii 25° 0.003 1.135 0.735 67.8

Cellulose_02 12 130 ° 0.002

*Thus, "adequate catalysis" would be such that, at the current

density mentioned, the overpotential would be reduced to the

"reversible" region, i.e., say,<10 my.

(I): Only three years ago, few chemists aneicipated the electro-

chemical oxidation to C02 of a substance as inert as ethane, at tempera-

tures of <100°C. 8 The complete electrochemical oxidation of cellulose

to CO2 at the same low temperature is perhaps even more surprising. 12
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One is reminded of the ease with _hich a number of complex biochemical

reactions occur at body temperatures with the aid of enzymatic catalysts. 20

A good example of electro-catalysls is provided by IIpermea-

tion into Fe 21,22 (Table II). Thus, permeation from the gas phase

TABLE II

ELECTRODIC CATALYSIS: THE PERMEATION OF HYDROGEN

13_fO IROH MEMBPAI_E O.1 cm THICX

Thermal 21

Rate = A e-ET/RT

A = 3.66 " 10-7

Electrochemical 22

Rate = A' e-EE/RT e" VF/RT

A' = 4.2 " IO"_

ET= 9.92 kcals

Rate at 600°C: 7.32 x lO"9
moles cm"2 sec-1

Rate extrapolated to 29°C * for

PH2 = 1 atm = 183 " 10-13*moles cm-2 sec"l

EE = 9-7 kcals

c_, = 0.29 in lo_ser, and

_ = 0 in higher potential range

Rate at 29°C and potential of

-.698 V (YHr_) in 0.i N _2S0_ = 2.8
• I0-I0 moles cm"2 sec-I.

*The values of AT and Em are those calculated by Sykes et al. 21 However,
-- _ OChang and Beunett23 found that belo_ _00 C the permeation rate of hydrogen

through Armco iron falls below that predicted by extrapolation from

values found at higher temperatures. The values of permeation found

below _00°C varied greatly with the pretreatment of the metal. At these

lower temperatures it appears that the surface reactions are rate-

determining while at higher temperatures diffusion of hydrogen through

the metal is rate-determining. Thus the value calculated for 29oc will

be erroneously hlgh.

has to overcome the dissociation of H2; and H is thereafter adsorbed.

Its ingress to the metal is retarded by the dissociation reaction and

the strong heat of adsorption of H onto M in the absence of competing



molecules. In the electrodic case3 protons from water arrive rela-

tively easily in the surface and the heat of adsorption is reducedl_

by the effect on the M-Hbond strength of competitively adsorbing

water molecules, so that the heat of activation for permeation is

reduced, i.e., the permeation catalysed.

(2): Electrochemical rate constants for the samereaction on

different metals have a very wide spread, e.g., somel0 lO for the

hydrogen evolution reaction; 24 about lO_ for the oxygen evolution25

and metal dissolution reactlons, 26 i.e., the catalytic effects of

different substrates are very wide. The value to which it is worth-

while attempting to increase the exchange current density (io) is the

limiting current density due to masstransport. The order of magnitude

of this in ampscm-2, at room temperature in well agitated aqueous

solutions is (for reactions at planar surfaces) roughly equal to the

solubility of the reactant In moles 1-1.

Thus, the value of the exchange c.d. for the oxidation of C2H4

to CO2 on platinized platinum in 1 N I_SO4 at 80°C is 10-8. 27 The solu-

bility of C2__ at 80° in this solution is _ 2 x lO-3 moles 1-1. Hence,

the overpoteutial for this reaction will remain negligible (energy

conversion efficlency____.lO_) up to a rate at which the oxidation be-

comescontrolled by masstransport if the exchange current density were

increased to about lO-3 A cm-2, namely, if the heat of activation were

reduced by about 14 kcals mole"l.

(3): The practical usefulness of electrochemical generators

is a function not only of energy conversion efficiency but also of the

power per unit area or weight. The effect of catalysis on this position
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is sho_m in Table III. The calculations of "maximum feasible _ perfor-

mances are ideal in the sense that they neglect probable increases in

weight necessary to allow for heat transfer at relatively high power

densities.

Thus, were adequate electro-catalysis to be attained, the in-

crease in power density compared with that at present possible would

be _lO_. The power per unit weight which would be attainable with

adequate electro-catalysis would be that of dynamic conversion.
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II. CHEMICAL AI_D ELECTROCH_f[CAL CATALYSIS

I. General

Any factor connected with the adsorption of the reactants and

(or) products which lowers the heat of activation of the rate-determining

step, increases the frequency factor or concentration of reactants)will

increase the rate of reaction. In chemical catalysis, the particle

which takes part in the rate-determlniug reaction must be: (a) suffi-

ciently stronaly adsorbed to reach finite concentration on the surface;

(b) sufficiently weakly adsorbed to allow a relatively high rate con-

stant for the rate-determlning step. Thus, in the synthesis of I_3,

N atoms must be adsorbed. Several metals adsorb N but Fe adsorbs it

with heat of adsorption of only 16 kcal mole-1. 28 0nFe substrates,

the reactlou with adsorbed H then becomes possible at a significant

rate.

In many electrochemical reactions, the rate-determining step is

a charge transfer reaction. Ho net charge transfer reaction is possible

in a chemical reaction, and hence the important factors which are to be

stressed in the electrochemical systems may differ substantially from

those of the chemical ones. For example, the generalizations made

above for chemical reactions would not apply to a charge transfer reac-

tion in which, e.g.,

H20---9 0Had s + Z"_ + eo- 27 (i)

was the rate-determining step (see Section III.3.i).
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Correspondingly, electrochemical reactions differ from chemical

reactions by the fact that the surface on which they occur tends to be

occupied at all conditions (at least in aqueous solutions) by a layer

of oriented water dipoles. The distribution of orientations among the

water molecules, however, and hence the potential difference which they

contribute to the double layer p.d., 29 changes with the electrode

potential (Fig. 1), with possible feed back effects on the rate of

charge transfer. Similarly, the surface in anodic oxidation reactions

is partly occupied with adsorbed anions, and this occupancy (Fig. 2),

and that of a dipolar reactant, varies with the field 29 in the double

layer and this feeds back upon the dependence of the reaction rate on

potential. Electrochemical catalysis is hence likely to be more complex

than chemical catalysis, although easier to study, because the rate of

the reaction, and the surface, are more easily controllable, and the

species on the surface, and their concentration, can often be deter-

mined, which is seldom the case in chemical catalysis. Nevertheless,

the specifically electrochemical factors mentioned are likely to be

additional to those in chemical catalysis, and leading factors in this

will hence be briefly mentioned.

(i) Geometric Factors

For reactions in which the rate determining step involves ad-

sorption, or desorption of reactants or products, the lattice spacing

may have influence on the velocity, or heat of adsorption.
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For dissociative adsorption, the activation energy of adsorp-

tion will have a minimum, for a certain spacing, since at larger dis-

tances dissociation would have to occur before adsorption, and at

smaller spacings repulsion forces retard adsorption. This aspect of

30-32
catalysis has been discussed for a number of years, and firstly

by Balandin. 30

Heat of adsorption may be affected if adsorption involves more

than one point attachment, since a molecule strained by "inadequate"

distance between two sites will have a lower heat of adsorption and

thus higher reactivity. Hence, lattice spacing, and the predominant

crystal face on the catalyst, may have important influence. Several

systems in chemical catalysis support this concept. 33

(ii) Electronic Factors

The principal electronic factors are unpaired d vacancies, and

the work function. _ith a decreasing number of d vacancies, the heat

of adsorption of the surface radicals decreases and there tends to be

a corresponding increase in reaction rate. Thus, alloys are important,

in particular, alloys in which a lB metal, e.g., Cu or Au, is added to

a transition metal, for the IB metal adds an s electron which fills a

d vacancy and the d character of the alloy can be conveniently varied.

Cu-Ni and Pd-Au are systems of particular interest because during the

variation of ccmposition needed to give rise to the change in d charac-

ter, little change in internuclear distance (cf. geometric factor

above) occurs.
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If the rate-determlnlng step of a reaction involves desorptlon

of an adsorbed radical, the rate should increase as the d vacancies

fall until a limit is reached at which there are insufficient d vacan-

cies for adsorption. A pioneering example in application of such an

idea is Cooper and Eley's 34 work of 19_0 in which, for the ortho-para

H2 conversion on Pd-Au, they found little change in reaction rate from

0 - 60_Au, after which the activity sharply fell. (60_ of the d

vacancies of the pure transition metal are unfilled).

The second electronic factor In catalysis is the work function:

however, this is only so if one of the adsorbed species is ionic. If

positive ions are concerned, the heat of adsorption increases with in-

creasing work function and for negative ions, it decreases with increas-

ing work function. Thus, Kembal135, 19_2, established that for the

ammoula-deuterium exchange, the reactions involve the formation of

_+ ions and the energy of activation decreases with increase of work

function. The work function is a less important electronic factor

than the d character because not many adsorbed species ionize. In

electrochemical reactions, 2_'36 parallelisms of reaction rate with

work function are found but the interpretatlou is less simple than with

the gas phase reactions.

Separation of effects due to geometric factors, work function and

d-band vacancies is difficult, for in few systems can one change one

factor without changing the others. Thus, work functions vary with

the geometric arrangement of the crystal faces of tungsten, ST and with

d-band character. 2_
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2. Electrochemical Catalysis

(i): Non-catalytlc Factors which increase reaction rate per unit

geometric area:

Apart from concentration and temperature, diffusion limitation

conditions per geometric sq. cm may be improved, by e.g., porous elec-

trode arrangements; 3 or use of suspended catalyst 38 in intermittent

contact with a collector; or by principles similar to those in which

heat transfer from hot gases to liquids is maximized.

(ii): Pre-requisites for rational development of Catalysts:

Reasoning in terms of models whereby catalysis may be increased

cannot be applied to a system unless at least the rate-determining step,

and preferably also the path of the reaction have been firstly elucidated.

An essential characteristic of electro-catalysis is that it is

potential dependent. Rate does not increase with potential in the same

way for all mechanisms for a given overall reaction. Hence, catalyst

A will be faster than B, for a given reaction, at au overpotential, _l'

but the situation will be reversed at overpotential_2(Fig. S). Thus,

one must decide upon some potential at which the current density per true

unit area is a rational measure (for comparison purposes) of the cata-

lytic power of the given electrode. The most reasonable potential is

39-41
that of zero charge, for, here, no charge-dependent field affects

the reaction rate.
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Reaction rates at the potentials of zero charge on a series of

electro-catalysts represents an academic and fundamental way of comparing

catalytic power: it compares the thermal part': of the electrochemical

catalysis, i.e. ko in the equation:

* (V-V )F/R_ (2)k = k e- p.z.c. ,
O

where Vp.z.c. is the potential of zero charge. Hence, knowledge and

interpretation of ko, though important to the understanding of catalytic

power, is insufficient to predict the polarization at a given potential.

It is important to note the necessity of avoiding competiug

reactions, when discussing the potential dependence of k. This is par-

ticularly so in oxidation reactions. Au example is in Fig. _13 where

the competing oxide formation on Ir and Rh shuts off ethylene oxidation

at current densities too low for reasonable performance of these sub-

strates as anodes in hydrocarbon fuel cells. The same shut off occurs

on Pt at higher potentials, thus permitting the current densities to

increase to a more practical value. For a given desired oxidation

reaction, the thermodynamic reversible potential must be at least, say,

0.5 volts more negative than the reversible potential of the next anodic

reaction possible in the system concerned.*

An important pre-requisite is knowledge of adsorption of the

reactant and its dependence on potential. Knowledge of this is available

*The necessary separation depends of course upon the rate constant

of the reaction, and hence upon how much polarization is necessary
to attain a desirable rate.
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for a few cases for H,42'43 (Fig. 5) and for 013 (Fig. 6). _e adsorp-

tion of organic substances on Hg is only just becoming known. 44 The

potential dependence of butyl compounds is shown in Fig. 7- Plots of

the adsorption of butyl, phenyl and nephthyl compounds (under comparable

potential conditions) with a number of substituents_shown in Fig. 8 :

the variation of adsorption with structure is up to 104 times.

Only a few papers concerning adsorption of organic substances

on solid metals have appeared, 45'46 or are about to be published 47,_8

In Figures 9 and lO, adsorption of naphthalene and decylamine on Ni47'48

is shown as a function of potential. Substances react on electrodes

only if the potential for the region in which adsorption is appreciable

(region as small as 0.4 volts) 45 (Fig. ii) coincides with a potential

region (for oxidation) positive to the reversible redox potential for

the indicated reaction. Little discussion of this obvious point has

been given, because of previous lack of data.

(iii) Factors which may increase rate constant

Understanding of such factors at present is limited to the

following:

(a) Electronic factors: The cemparative rates expected for a

given reaction on substrates of different d character and work function

can be evaluated theoretically, so long as the rate-determining step in

the considered reaction is known. Suppose that the reaction concerned

is the oxidation of ethylene to CO2 and that the_te-determining reaction

is the discharge of H20 to form adsorbed OH radicals, 27 which then undergo

a series of further reactions with adsorbed organic molecules. Then, the
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standard free energy of activation for the charge transfer reaction of

a water molecule to the electrode is the principal quantity which deter-

mines the rate. The major part of this is contributed to by the heat

.
of activation for the charge transfer. If this be classical, a poten-

tial energy profile diagram can be used to indicate the comparative

effect of the work i_nction, _, and adsorption energy (Fig. 12).

The State A represents the H20 adsorbed in the double layer.

It is the potential energy-distance relation for the H-0 bond which is

broken by the charge transfer. The curve B represents the M-GH

vibration of the adsorbed radical in the final state. AH °x is the

heat of activation. Thus, this is decreased (catalysis increased) in

so far as, with other factors remaining constant, the substrate is

chsmged so as to: (a) Increase the M-OH bond strength; (b) Increase

the work function. Changes of substrate to maximize these tendencies

would hence tend to maximize the catalysis, so long as such changes did

not greatly change the degree of adsorption of the organic molecule

undergoing (in the example chosen) oxidation. Were @org sufficiently

reduced, the rate-determining step would no longer be charge transfer

from H20 but perhaps reaction of the adsorbed organic radical with OH

radicals.

These remarks refer to the potential of zero charge, sad in

changing the substrate to attempt to follow a tendency, deduced from

*It has been so assumed in the electrochemical literature t2_the present
time after the early suggestions to the contrary by Gurney _ (cf.

Butler, 50 but also cf. HushS1).

**But in electrochemical systems, the effect of this factor is complex;.

because :
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considerations of the potential-energy barrier for some elucidated rate-

determining step, the counter effect of change of potential from the

(changed) potential of zero charge must be taken into account.

(b) Surface Confi_tion:. If the necessary mechanism

determination has shown that (e.g., for an organic oxidation reactlon)

the breaking of a bond is rate-determining, the geometric factors will

have effects parallel to those in chemical catalysis (see Section ll, i).

Evidence exists that an increase in the defect concentration is

important in increasing catalysis in some electrode reactions, e.g.,

2

the oxidation of H2. Insufficient mechanism studies on anodic hydrogen

dissolution exist to allow mechanistic interpretation of this fact.

However, it is suggestive that if 0.i_ C is introduced into zone refined

Fe, the rate constant for the charge transfer to protons is increased

about ten times. 52 The local work function is less at a defect than

on crystal planes. Were the charge transfer to be rate-determining and

occur predominantly at points occupied by defects associated with carbon,

the experimental result could be understood. One of the difficulties

of study of the effect of trace inclusions in a substrate is that

normally only the bulk concentration is known and Gibbs adsorption will

cause the added component to be increased or decreased in the surface

with respect to that in the bulk.

(c) _: One basis of alloy effects has been mentioned

(Section ll, ii). Two others may exist: Introduction of a second

component may increase the number of surface defects; and, if the less

noble component (e.g., Mo in Pt ) is an atom undergoing easy redox

potential changes in solution, it may set up a redox system _ the
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double layer, which allows a change of path of the overall reaction to

one having a lower heat of activation (see Section II.2.iii). None of

these mechanisms has been systematically investigated. Systematic

lO
information on alloy effects is scarce except for methanol oxidation.

Several binary and termary alloys containing Pt, or of other noble

metals exhibit higher catalytic activity than does platinized Pt (Table

IV, Fig. _ ). There is some evidence that to some extent the catalytic

activity in methanol oxidation is paralleled in oxidation of other fuels,

since Pt-Ru based catalyst_ exhibit improved activity for oxygenated

and parafflnic hydrocarbons. The enhanced catalysis alloys in methanol

oxidation cannot be explained by physical properties such as surface

area, since this is , e.g., about the same for the active Pt-Ru alloys

(Table IV) as for Pt black. However it is difficult to relate tee

catalysis to merely electronic factors, since a number of ternary alloys

with widely varying electronic characteristics perform equally well

in binary compositions. Activation energies for u_idation on Pt and

Pt-Ru alloys are also similar.

It is thus probable that increase in the concentrations of

surface defects on the alloyed catalyst, compared with the pure metal,

gives the origin of the catalysis.

(d) Semiconductor surfaces: Electrode kinetics on semicon-

ductors has been formulated fairly recently, 53"57 and the use of boride 58

and carbide electrodes 59 in oxidation reactions _as first reported in

1963. Ni2B proved to be a good catalyst in hydrazine oxidation 60

(0.1 V less polarization than Pd). As an anode in H2 oxidation at

80°C it showed only 40 mV higher polarization than a Pd/graphite anode

in the range from 65 to 260 mA am-2. 58
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TAB!E IVI0

CCMPARIBON C_ THE CATALYTIC ACTIVITY C_ Pt BLACK AND N(BLE

_?AL A_ IN METSANOLGXIDATION

Metal or alloy

Pt black

Binary allo_s of Pt with
base metals

of Group IVB and VB
VIB and VIIB

Polarization in

2N E2SO4 at 00°C
at 20 mA cm -_

(v)

Remamks

0.44

Best : Pt67 Mo33 - 0.20

Pt80 Re20 - 0.29

Pt67 Re33 - 0.31

Fe, Ni, Co, Be, Pb,

Cn, Bi, Sb

noble metals

Ru

0s

Rh

:_ (2._)

Binar_ Pt free alloys
Ru - Rh

Ru with Pd, Ir, Rh

Os, with Pd, Ir, Rh

Tern a_ allo_s
of Pt + Ru with

W

Ta

Zr

Mo

Similar, or
decreased

_ct ivity

as compared
with Pt black

0,2,5,.-0.32

o.3o-o.35
As Pt black

0.33

0.25-o.37

o._-o.27

o.3o
0.23

Opt im_ for 20_ Ru - (Pt Ru)

Ru - ( u Pt)

Optimum for Ru 90 Rh i0

(Pt 70 Ru 15 MO 15)
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The catalytic activity of NizB seems to be connected primarily

with the chemisorptive properties. The coverage with hydrogen varies

fr_n O 1 to 0 0 depending on the thermal pretreatment of the elec-

trode, whilst the reaction rate decreases about lO6 times.

Control of the electron energy levels in a semiconductor by

the d_ice of suitable donor and acceptor species makes possible a

particular well-¢ ontrolled model system for work in electro-catalysis.

(e) I_posed pulses of potential: Suitable pulses (say, an

anodic pulse to cover the electrode with 0 and a cathodic pulse to

remove this layer, with a pulse time of 10-3 sec. ) should clean the

surface from inhibiting impurity layers which may build up there, and

hence maintain catalysts of constant activity. The possibility that

grain growth can also be controlled exists becasue the size of grains

which nucleate is potential dependent. Whether the imposing of repeated

pulses can bring about increase in catalysis, apart from removal of

impurities, is not extablished. In principle, the momentary dissolution

ofsurface atoms, i.e., the creation of defects, should be attainable.

An example from unpublished work is given in Fig. 13, which

sh_s the increase by several orders of magnitude of the rate of Qxida-

tion in the diagram. Pulsing may be effected by short circuiting

the cell fro O.1 sec intervals every few seconds.

(iv) Use of Redax Systems to change_ the path of the overall reaction:

Considering., for example, the oxidation of methanol to COz,

and that the rate-determining step in this reaction is charge transfer
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from C_OH to the substrate, catalytic effects should be observed if a

redox couple is present which has (a) a standard potential in the

neighborhood of the reversible potential; (b) i ° values for charge

transfer ranchgreater than those exhibited by the direct charge transfer

from the organic; (c) a sufficiently high rate constant for the subse-

quent homogeneousphase oxidation. Then:

M2+ --_ _+ + eo (at electrode)

_+ + C_OH --_ H_H0 + 2M2+ + 2H+ (in solution).

etc •

Eqn. 3

This principle can be successfully applied (with the nitrous-

nitric couple, having an eo of 0.94)61" in overcoming the difficulties 62

associated with making practical reversible oxygen electrodes, where

the io involved in the oxygen dissolution reaction is of the order of

-2
lO -lO amps cm . A similar principle might be used to reduce the over-

potential which needs to be applied to hydrogen-_xygen generators, e.g.,

the manganous-manganic couple, which has a standard redox potential

61
in acid solution of 1.5 volts.

(v)

The basic theory of photo 62

for some time. Large photo-effects

.Photo_ sono_ radioactive and radio-galvanic effects :

and sono effects 63'64 has been known

(decreases of overvoltage by 0.5

volts) have been observed upon c.v. irradiation of 5£. 65 Very signif-

icant acceleration of the oxygen reduction reaction by _< emitters

dissolved in the substrate has been established, but the interpretation

*The reversible potential of the redox couple cannot be greatly (i.e.,

O.1 volt) changed by adjustment of the redox ratios because of the

necessity of maintaining satisfactory limiting current conditions.
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is unclear.66,67

III. THE MECHANISM _ S01_ ELECTROCHEMICAL REACTI_ CF

INTEREST IN DIRECT ENERGY CONVERSION

The necessity of knowing the mechanism of the reaction as a

pre-requisite to rational variation of the catalyst in a favorable

direction makes it appropriate to discuss briefly some mechanisms of

relevant react ions.

i. The Anodic Hydrogen Dissolution Reaction (h.d.r.)

The cathodic evolution of hydrogen is a much studied electrode

reaction. The relative simplicity _,hich might be expected for this

reaction has not enabled a completely clear solution of the mechanism

to be obtained, because of the following difficulties :

(i) The alternatives of a rate-determining proton discharge and a

combination of a proton with an adsorbed H with accompanying neutral-

ization have theoretically predicted characteristics which are very

similar. Distinction between these alterantive steps is in practice

difficult to make, unless it is possible to measure the amount of adsorbed

H on the surface of the electrode as a function of the reaction rate, 15"16

a difficult determination in acid solutions on non-noble metals.43

(il) A distinction between these alterantives could be obtained

on the basis of separation factors, 16 so long as the degree of proton

tunnelling 68 is known. However, this aspect of affairs is not yet

68
established, and the certainty of the separation factor method depends

on this.
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Fewmechanistic studies of the mechanism of the hydrogen

dissolution reaction 17 have been made. The most probable position

concerning the evolution reaction is summarized in Table V.

TABLE V

PRGSABLE _CHAN]BM8 CF THE CA_ID HYDROGEN EVOLUTION REACTION

Metal pH Path Rate deter- Main lines of

(approx) mining step evidence

Hg, Pb 0.3 Coupled discharge Discharge
electrochemical

Cu, Ni 0.3 Discharge
Electrochemical

W 0.3 Coupled discharge
Electrochemical

Electrochemical

Electrochemical

Pt, Rh 0.3 Discharge Recombination
reccmbinat ion

Ni, W 13.7 Discharge Discharge
reccmbinat ion

Pb 13.7 Coupled discharge Discharge
electrochemical

Pt IS •7 Discharge
electrochemical

Electrochemical

Tafel slope

_H v._iogio
@ _P_(_, j,separation
factor _

Tafel slope

_ log io
separation factor

Tafel slope

21H vs log io
separat ion factor

Tale i slope

separation factor

Tafel slope
stoichiometric No

(_i) log i vs log
(_i)

separation factor

Tafel slope

_H vs log io
Separation factor

Tafel slope

separation factor

To what extent do the probable mechanisms of the hydrogen

evolution reaction of Table V apply to the dissolution reaction important

in electrochemical energy conversion? As argued elsewhere, 62 the

mechanism of the cathodic and anodic reactions must be the same at

the reversible potential: further, if the Tafel cathodic and anodic
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lines extrapolate to the same io at the thermodynamically reversible

potential, then the mechanism of the anodlc reaction must be the same,

for the potential range of that line, as that for the cathodic reactions.

Unfortunately, this has usually been assumed in discussing the mechanism

of the anodic reaction. Insufficient data exist to justify the assumption.

A limitation on the applicability of the present experimental

data on the kinetics of the reactions of hydrogen to electrochemical

energy conversion concerns the fact that the fundamental mechanism

work on evolution has been done on massive (plate or wire) electrodes,

whereas in electrochemical generation the electrode material is often on

finely divided particles of material, isolated from each other, on a

relatively inactive substrate (Pt on porous C ), or of a special con-

struction (e.g., Ni in which defects have been introduced by dissolution

of A1 for Ni-A1 alloys ). To extrapolate knowledge from the solid

substrate mechanisms is dangerous.

2. .0_.ygen dissolution (and evolution) reaction

It is not intended here to discuss this reaction in any detail,

for it is fully treated elsewhere in this Symposium. In the following,

only the essential problems in this central problem in fuel cell kinetics

will be mentioned.

Studies of the mechanism of oxygen dissolution and evolution are

subject to the following difficulties:

(i): The range of metals upon which evolution can be observed

in any simplicity is limited to the noble metals and their alloys,

because of build up of oxide films on ocher materials.
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(ii):

situation, psz_iculemly the mechanism of the potential observed on

Reactions involving H202 may occur which complicate the

(% = 1.23 v) (3)

(e0 = 0.68 v) (4)

(e0 = 1.77 v) (5)

open circuit. These are:

- ---_ _2 002 + 4H+ + 4eo

02 + P_H+ + 2e o"

" "'_ _0H20 2 + '21:r+ + 2e 0 "v----

A substantial measure of agreement exists concerning the mechanism

of (4), which is suggestive in discussing (3)- The essential point is

that the path does not involve an intermediate of adsorbed 0.70-73

Charge transfer occurs directly to 02 .

This mechanism suggests 74 that reaction (3) maY be regarded as

the sum of (4) and (5)• with the important corrollary that adsorbed 0

would not be important. A critical experiment bearing on this (and

analogous to the critical experiment of Davies, Clark, Yeager and

Hovorka 73 ) was carried out by Rosenthal and VeselovskK, 75 who examined

02 evolved from a surface containing 018. The evolved gas did indeed

contain 018 in contradiction to the suggestion indicated above• but the

possibility of exchange with the solution was not investigated. Tafel

parameters of the evolution reaction are not consistent with the reaction

02- --@ 02 + eo- as the rate-determining step.

An important question concerns the zero current potential for an

inert electrode immersed in a solution containing 02. Under practical

conditions, this is not the thermodynamically reversible potential but a

.
potential of 0.9 - 1.O volt. This "loss in potential" clearly has

*Observation of the reversible potential is possible.
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significance for fuel cell reactions. One would attempt to interpret

it predc_Limantly in terms of a mixed potential between at least one

cathodic and one anodic reaction of the above set of reactions. Quan-

titative consideration is successful in bringing consistence into the

data except the vital one of the origin of the necessary H202. Thus,

this must arise from some unsuspected reaction occuring at a potential

negative to 1.23. Also, there may be a part played by oxide equilibria

of the type 76'Tf

Mo+ + 2%- M + (6)

A third, and radical, suggestion is that, in the time in which

observations are usually carried out, there is no time for charge transfer

equilibria to occur (come to steady state) so that the interface must be

regarded as polarizable and the problem treated like one in adsorption

and not in kinetics. 78

Certain critical experiments are urgently necessary in the study

of this reaction :

(a) : 018 exchange experiment in which ambiguity of exchange

with solution by measuring this firstly will be eliminated.

(b): 018 experiments should be used to obtain the kinetics of

electrochemical equilibration of oxides.

(c): The ex_ence, or not, of important potential-d_termining

effects from oxide equilibria can be established by a pH variation

experiment with extreme deoxidation of the solution. A simple RT/F

relation is expected.

3. The Anodic Oxidation of H_drocarbons

The oxidation of hydrocarbon at low temperatures has acquired
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recently a great interest. However, the literature 79-81 concerns

predominantly technological aspects.

Investigation of the reaction mechanism was started at the

University of Pennsylvania about three years ago. 6,27,82-84 The mech-

anism of oxidation of several olefins (ethylene, 27 propylene, allene,

l-butene, 2-butene 84 ) and of acetylene 6 has been studied on platinum

at 80°C.

Apart from small differences in io and coulcmbic efficiency, the

electrochemical behavior and main reaction products were similar for all

oleflns (Table VIII) and the mechanism of their oxidation will be dis-

cussed in the example of ethylene.

i. Oxidation of ethylene (as representative of oleflns)

The overall reaction yields CO 2 with !00 + 1% coulombic efficiency

in acid and 90 + 5_ efficiency in alkaline solution. Thus, branching

reactions leading to products other than CO2 and water (or protons ) are

neglected and the half-cell reaction can be written as :

c_4 + 4_0 --, 2c0 2 + 12 H+ + ]2 e_ (7)

The observed Tafel slopes for the pH range o.3 - 12.5 and pres-

sure range from 10 .3 to i atm are b = 140 - 160mV (Fig. 14).

the theoretical value of b = 2.3 x RT/c_F for c_ = 0.5 is 140.

a charge transfer is a rate-determining step and the value of

between 0.4_ - 0.5.

At 80°C,

Thus,

o( is

*However, a branching reaction of a current efficiency belo_ that which

can be detected in acid solutions could occur and inhibit catalysis

increasingly with increasing time (see below).
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robe observed Tafel slope is consistent only with the first charge

transfer, or a later charge transfer from the species present at the

electrode at full coverage, as the step which determines the rate of

the overall reaction. In the latter case, no pressure effect could be

expected.

This however exists (Fig. 15 ) in the sense that the steady state

reaction velocity decreases with increase of pressure. Thus the value

of b = 2.3 2RT_ together with the fact that di/dp < 0 fix the location

of r.d.s, as the first charge transfer reaction.

(The inverse pressure effect could be caused by a build up of

a side product, possibly a polymer, of the reaction. The evidence on

this hypothesis is not yet conclusive, but its balance appears to be

negative. Thus, the pressure effects are reversible on repeated pressure

changes without hysteresis. Similar effects have been observed on Pt

with other hydrocarbons, but not during ethylene oxidation on some other

noble metals where positive pressure effects occur, with a radically

different dependence of current density upon potential, i.e. a different

meo i *).

The negative pressure effect: di/dp 0 shows that r.d.s, in-

valves a substance which requires the surface free of ethylene (or any

intermediate derived therefrom) to adsorb. Thus the likely rate-

determining step is one of the t_o reactions :

*However, it is noteworthy that the mechanism discussed here does depend

in an important w_y upon the conclusions that the pressure effects

arise directly as a result of the mechanism and not as a consequence
of secondary inhibition. It is desirable to obtain further evidence

on this point.
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_o ---_OH + H+ + _o (8)

oH- ---+ o_r + eo (9)

The reaction sequence may then be represented by

c_4 _c2_ _ ,_s (IO)

•(H2°I--_ 0Hads + _+ + _' or (8)
r.d.s (OH" _ OHad s + ;. (9)

%%_ads + °_s '--_ c2_4 0E(or C_. + E0_) (n)
+

C2H40H + ... ---, ... 2C02 + 11 H + ii ee (12)

This deduction can be shown to be consistent with the negative

pressure effect in the following _my. According to the hypothesis,

the coverage of all intermediates will be negligible in comparison

with the coverage by the ethylenic radical, since they occur after

the rate-determining step and are not in equilibrium because of the

constant removal of the final product, C02. Thus it is justified to

assume that _otal N @ethylene"

The model for ethylene adsorption under anodic conditions

deduced on the basis of considerations of the energy of adsorption, is

-
Me Me

Thus, the adsorption of ethylene molecules involves four surface sites

of Pt per one molecule of ethylene.

of the form

The adsorption isotherm is then

@

(i - o)_

/-,
where @ = l_max fractional coverage with ethylene, Kp equi]_rium

constant (atm'l), PE - partial pressure of C2H 4.

(l_)

On the basis of
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independent radio-active measurements, 85 the coverage of l>twith

organic _ was estimated to be relatively potential invariant in the

potential range of Tmfel region, and equal to _ 0.7. For this value

of @ at PE = 1 arm, Kp_ 150 arm -I.

Now, for the postulated mechanism, the current is given by:

i = k_o (i - _) e°_FV/RT, or (15)

l,a e c<FV/RT 'i = - %) (16)

and at constant Potential, the carrent decreases with pressure as the

term (1 - @E ) does.

From the theoretical plots of (1 - @) versus PE' for _ = 150

atm "l , the values of (1 - @) at PE = l, O.1, 0.O1 and O.OO1 atm

and introduced into equation (15). The term k2aH20 e °_/RT

#

were found

was calibrated frem the experimental value of i at PE = 1 atm and 520

mV and the theoretical i - log p relatlnnship for seven potential values

was plotted and is shown in Fig. 16, 16a The points correspond to the ex-

peri_.ental data, and are in fairly good agreement with the theory.

Further support for the hypothesized mechanism is as follows.

Independently of the number of carbon atoms, of number of double bonds,

and of their Position in the olefins studied, the kinetic parameters

remain the same, and the exchange current changes by less than a factor

of 2 (Table VIII). This is strong support, for, were the rate-determining

charge transfer to include an organic radical, io should change signif-

icantly with structure.

%q_ether H20 or OH" takes part in the rate-determlning charge
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transfer can be discussed in terms of the log i - pH relationship

(Fig. 17). The value of (d log i/d pH_ is constant over the whole

pH range, suggesting that the same mechanism applies in the cases of

both acidic and alkaline solutions. Charge transfer from OH- ions

would cause, in acid solutions, a limiting current at low current

densities. Discharge occurs from water molecules.

The present model is not consistent with the theoretical

coefficients (derived on a simple model) for water or OH- ions discharge

as the rate-controlling step (Table IX). This fact does not militate

TABLE IX

EfFERIMENTAL AND THECRETIEAL pH DEPERDESEE IN CERTAIN REACTIONS

INVOLVING THE DISCHARGE C_ H20 OR OH- IN PRESE_E

EXDESS I_EVIRAL SALT

origin
d log i d d log io

(d pE )v ( dpH )

IDischarge
Theoretical consideration (from water 0

of the simple model (Discharge

(from OH- i

Bockrls & HuqW,0o evolution on

_dt = O.25Pt, ( 87, 02 evolution onVetter

Pt wide pH rangeo_
MacDonald & Conwa_ _, 0n evolution on

Pd and Au alloys (H_S04, Na0H)
Wroblc_a-,._Piersma, & _ockris 27 0.45

0

0 0

---0 ,,JO

against the suggested mechs_uism but lends it support because similar

anomalous pH effects were observed by authors 25'86'87 (Table IX) who

were concerned with simple reactions in which the probability of rate-

determining charge transfer from H20 is very high.
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li. Mechanism of acetylene oxidation 6

The efficiency of CO 2 production is i00 _ 1% in acid and

95 + 5_ in alkaline solution for a reaction

c_ + _o-_o 2 + IO H+ + i0e-o (17)

The Tafel slope is here _70 mV = 2.3RT/F (Fig. 18) and

di/dp < O.

Similar reasoning as above leads to the conclusion that the

observed Tafel slope of 2.3RT/F, together with the existence of the

pressure effect, must be associated under Langmuir conditions with a

chemical reaction following the first charge transfer.

The negative pressure effect observed (di/dp < O) shows that the

r.d.s, must include a substance other than the adsorbing acetylene or

a radical derived from acetylene. Since all kinetic parameters are

the same in acidic and alkaline solutions, including the pH effect

(Fig. 19), the same mechanism may be assumed for both. This points

to the OH radical being the entity in question. This in turn (in

acidic solutions) may arise only from water discharge. Thus the charge

transfer prgceding the r.d.s, is water discharge:

H2o_ OH + E+ + _ (8)

The rate-determining chemical reaction involves, apart from OH,

either adsorbed acetylene, or a radical derived therefrom, in a chemical

reaction. (Any dissociation into H atoms would involve ionization into

H+ +_and contribute to the Tafel slope.) Hence, the radical derived

from acetylene can be only CH or an addition product involving acetylene

and water.



33

The adsorption of acetylene followed by splitting, i.e.,

H H H H

I 1 I I
C =C -----+2 C: or 2C.

I I I II
Pt Pt Pt Pt

(_)

would require additional energy connected with breaking of the double

bond of about 146 kcal mo1-1. Even if each carbon atom were to form

not one, but two covalent bonds with Pt, the extra energy needed would

be about 80 kcal tool-1. Therefore, the possibility of CH being the

radical seems unlikely.

It is difficult to distinguish whether the radical in question

is adsorbed acetylene or a product of water addition since both would

give similar kinetic parameters. Absence of polymerization products

and of acetaldehyde in the electrolyte indicate there is no hydrolysis

in solution. It is therefore likely that the radical is assumed to be

adsorbed acetylene.

The reaction path may be now formulated along the lines of:

c_ _c2_ Cad,) (19)

_o ___o_ Cads)+ H+ + e, (18)

c2s2 (ads) + o_ (ms) r.d.s.> C2a20H' or (20)

c_ ÷ _0

c_oH ... 2c% + _+ + _. (al)

From the quasi-equilibrium in reaction (8),

-1 Fv/R_
9o_= K_ (1- 9_) aR+e (22)

The coverage of OH radicals in the potential range is low 13 and

the coverage of all other intermediates may be neglected in comparison



with @A'since they occur in the reaction sequence after the rate-

determining step, and are not in equilibrium because of the constant

removal of the final product, C02. Thus the total coverage @T may be

approximated as @T _-- @A"

The rate of anodic oxidation of acetylene may then be expressed

8.8

i:_ k6_+__A(1-0A)e_/_ (23)

For @A ) 0.5 a negative pressure effect will be observed. A

rough estimate of @A and KPA was made on the basis of the comparison

of solubilities and energies of adsorption of both gases, 32 leading

to the conclusion that @A> %. Comparison of theoretical and experi-

mental kinetic parameters is shown in Table X.

TABLE X

Kinetic Parometer for Acetylene Oxidation

Kinetic Theoretical Experimental

parameter value value

At constant ionic strength

Tafel slope

pH dependence,

aSS_l_

@A _ f(pH)

2.3_T/F= 7O mV

(h losi) = 1
3pH V

SV = - 70 mV
(-J-_)i

log "

pHI°):( 0

65 _75 mV

0.8

-_50 mV

_0 (cf. Sec-
tion 3.i)
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The consistence of the postulated mechanism with experiment

also exists in respect to the pressuxe effect. This was calculated

in an analogous manner as that described for C2H 4 oxidation and the

agreement between theoretical and experimental values, shown in

Figure 20, seems satisfactory.

iii. Effect of the triple bond

The mechanisms proposed for olefin oxidation involves a rate-

determining water discharge reaction, whereas that for acetylene involves

a rate-determining reaction between adsorbed acetylene and OH radicals.

That the systems have a difference in mechanisms arises probably from a

higher v_lue of the heat of adsorption of acetylene as ccmzpared to that

of ethylene as a result of the triple bond in the former.

For the case of ethylene, the specific rate of the reaction

H H

I I
H - C - C - H + OH ---gR - OH, or R' + ][20 (ii)

i I
Pt Pt

is higher than that of water discharge, whereas for acetylene, the

specific rate of the reaction

H H

1 1
c --c + oE -_ _" - oE, or _'" + _2o (18)
I i
Pt Pt

is less than that of water discharge. This results in a change of the

Tafel slope from 2RT/F to RT_ and a greatly reduced io vai_:e.

iv. Effect of the oxide formation

In the oxidation on Pt of paraffins, 88 oleflns, 27'84 as well as of
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6
acetylene, under potentiostatic conditions, current drops to negligible

values at V _ 0.9 - 0.95 V (against hydrogen electrode in the same

solution) and does not increase until the potential of 02 evolution is

reached. On the other noble metals, this '_assivatlon" occurs at

different potentials (cf. Section IV.3, Fig. 21), which al_ys coincide

with the potential at which _ 0.2 of the electrode surface is

c_¢ered with oxygen. The observed pass ivat ion with respect to ethylene

oxidation may be understood if at potentials above V _ O.R V the reaction

between OH radicals, or OH and H20 occurs fast enough for the accu-

mulation of PtO (or Pt(OH)2 ) and water discharge onto the PrO covered

surface drops to a negligible rate.

4. Anodic oxidation of oxalic acid89

Oxalic acid is also completely oxidized to CO2 in acidic

solution according to the reaction:

COOH

I 2 +
COOH

No reaction was observed in alkaline medium. This fact together

with the a_lysis of the reaction order with respect to unionized acid

and a hypothetical univalent acid anion led to the conclusion that the

reacting species is a unionized molecule. For this, relatively simple,

reaction either (i) both electrons may originate with the organic sub-

stance; or (ii) one electron may be transferred from the organic, another

in the production of an oxidizing agent, e.g., H20 --_ OH + H+ +e_; (8)

both electrons may be transferred in the production of an oxidizing

agent.
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The empirical kinetic equation obtained is

0.35 -0.55 eFV/R_
i --_:cm/2o_ c+ . (27)

Several ("_25) schemes which may represent the reaction sequence in

the oxalic acid oxidation have been analyzed and kinetic equations and

parameters derived both under langmnir and Temkin conditions. The

latter conditions were examined for the first time with respect to the

reaction orders. Reasonable consistence of _the.axperimentalck_hetic_.a

parameters can be obtained only with the following schemes under Temkin

condit ions :

la.

ibo

o

E2%(eds)-_ _02 + H+ + e_

_c204(_3)-->_02(_as)+ co2

_%(,_s) --_ c% + E+ + e_

_0 --_ oE(_) + _ + e_

_C204 + 0_(_) --->_0 + _20_(_s)
a co2 + £ + e&

b
]_02(ads) + CO2

(26)

(27)

(26)

(27)

(28)

(zs)

(29)

(26)

(27)

_o2(_s ) .--, _+ +co2 + e_ (28)

Assuming that :

(i) The total coverage of the electrode is in the intermediate

range (0.2 < @T < 0.8).

0

(ii) _o_ = _G__o _(o) --_%=o

w_re ri = - 8 (AoSi)/3 el.

- _ri@ i (30)
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The kinetic equations for the above schemes are as follows:

la. V3 = k3Cox(l - @) e O(Fv/RT e" {_GS
_f(_)+

v3 = k 3CH+ @ e "(I- _4)F_/RTe-L_/kG_3-(I-_)f(@)}/RT

(31)

(32)

where AG # = standard free energy of the activated complex, _ is the

symmetry factor, kie "-AG'[/RT is the specific rate constant for the ith

step in the reaction sequence, V is the Galvani potential and ci is

concentration in the double layer (assumed equal to that in the bulk,

because of the high and constant ionic strength of the solution).

assuming

For quasi-equilibrium, v3 = v_3; neglecting the char4_es in

@
1---_ tern a_ ccm_xed with the exponential term in @, and assure-

f($) =FV + RT log Cox - RT log CH+ + const (33)

v4 :_k4 @ ecX_V/RT e- {,__Z_G_6- _f(@)} /RT (34)

0.5,* neglecting the pre-exponential term in @, and

introducing f(@) from Eq. (3?),

o.5 -o.5
v4 : k__/_ Cox cE+

ib If reaction (28) is the r.d.s.

cKFV/RT e" C/k'_#6 -
v6 : _59_o2e

From equilibrium in eq. 26:

f(@) = FV +RT log Cox - RT log ell+

(35)

)'f(9)}_T (36)

+ const

(37)

_e logarithmic term i_ @ may be n_glected independently of the

*Symmetry factorc are defined in the furLher s_alysis as /, and are

assumed to be al_ys c]ose to 0.5.
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value of @HC204 as compared with @T' since from equilibrium in (27)

assuming CCO 2 to be constant,

and

1

%2% = 9T(; T K_)

(38)

(39)

Hence f(@) is again expressed as in Eq. (34).

By similar argument @HC02 may be neglected in Eq. (36) (as
K_ _

%02co_pa_d with the exponential term in @), since = i + K_

Hence

v6 = k6 eFV/R_c°'5oxc_" 5

2a. If reaction (26) is the r.d.s.

oe_vl_ f f (o)/R_
V4:k' e e4 _2o_

Since 9SC204 _--%, from quasi-equilibrium_ in (8):

9oH=_÷_/2T c_ e-_(°)/RT(_ - 9m204)
From quasi equilibrium in (30):

(40)

(_i)

(42)

%2o4=K_Co,% (_3)

Introducing @OH from (42) into (43), and neglecting the pre-

exponentinl terms in coverage,

f(@) = FV + RT log Cox - RT log CH+ + const. (_)

Introducing f(@) into equation (41) and neglecting the pre-exponential

term in _

v4 = k'4JvIRT Cox°"_ c_" _ (4_)

Rb. If reaction (28) is the r.d.s.,

oc_/Rm _(9)I_
v6 : k(_ 9S002 e e (46)

f(@) is again expressed by Eq. (33) and by the same argument as in ib
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v6 -- eFv/R Cox°"5 oil-

Further distinction between these schemes cannot be made

directly on the basis of the electrochemical evidence available.

However, the results obtained in the oxidation of hydrocarbons indi-

cate that the rate of a reaction sequence involving _,_ter discharge

27
(reaction 8) as the r.d.s., or in quasl-equilibril_n, 6 drops almost

to zero at potential region above _ 0.9v. Since no passivatlon of

this type was observed in the oxidation of oxalic acid, it may be

inferred, that the most probable reaction sequence is scheme l, in

which both electrons are supplied by the organic species. Further

distinction between la and lb is not yet possible.

IV: THE MECHANISM C_ EIEC_RO-CATALYSlS

1. H_Irogen

A crude interpretation of the trends in acid solutions was

suggested by Conway and Bockris in 1957. 24 This was based upon plots of

(c.d. 10 -3 amp cm -2) against the value (for most metals calculated), of

the metal-hydrogen bond strength (see Fig. 22). One clear group is

discernable (the transition metals) and a second group (Hg, Pb, T1)

exists with a weak indication of the direction of the dependence of

upon DMH. The latter group of metals do, in any case, have io'S which

are very different, in orders of magnitude, from those which the trans-

ition metals have at comparable Di._ values. The few points on these

low io metals are at least not inconsistent with the view that, for

them, io becomes larger as the MH bond strength increases. Conversely,
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for the transition metals, io decreases as DMH increases. Correspond-

ingly (Fig. 23 ), for the transition metals a relation between the

exchange current density values and the number of d vacancies exists,

in the sense that io decreases as the number of d vacancies increases.

These correlations would seem to favor the proton discharge

reaction as rate-determining on Hg, Pb and T1 and the desorption

reaction with charge transfer rate-determining for the transition

metals. Thus (see Fig. 24), if the potential energy of the final

state is proton discharge is lowered (higher bond stren_h), the rate

at a given potential will increase; but for electrochemical desorption

as a rate-determining step, it will be (Fig. 25) more difficult to

90
carry out the reaction as the MH bond strength increases.

The noble metals form a third group in Conway and Bockris ,24

discussion: under conditions in which their io'S are sufficiently

high, the h.e.r, is determined by the atcmic combination reaction. 91'92

Controversy exists concerning the mechanism of hydrogen evolution on the

noble metals. Thus, Breiter, 17 supported by Frumkin, 93 regards the rate-

determining step as the diffusion of molecular _ in solution away from

the electrode. It is clear that at a sufficiently high io for the charge

transfer and desorptive reactions, a diffusion step must become rate-

determining. The question is, how high must the io for the hydrogen

evolution reaction on noble metals be for the overall reaction to be no

longer controlled by the chemical combination step. In the region of

current density when bubbles form, rate control by diffusion of H2 away

from the surface appears not to be an acceptable rate-determlning

mechanism. Bubbles usually form in hydrogen evolution at current
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densities of about 10.3 ampcm-2.

Several criticisms may be made of the Conway and Bockris analysis.

Thus :

(1) The rates are compared at the reversible potentials,

whereas they should be compared at the potential of zero charge, 3R J41

(although some of these are not available).

(ii) The values the H bond strength with _lhich the rates of

the h.e.r, at the reversible potentials are compared (those from the

gas phase at zero coverage ) are not necessarily the valid ones. The

bond strength decreases with increase of surface coverage in a gas phase

m

reaction. For the rate-determining H+ + e° ___Hads, the @ values are

expected to be relatively low, 14'42'94 and hence the values used are

probably valid for purposes of comparison. But, for the H+ + Had s +

eo _ _ reaction, the surface coverage in the steady state is probably

42
high, and the values would be lowered compared with those used in the

plot in Fig. 22.

The last criticism may perhaps be met when it is recalled

that the coverage is likely to be of the same order ( > 0.9) on all

metals, fcr the h.e.r, under conditions of rate-determining H+ + Had s +

eo" ---_H 2. The differences between the heats of adsorption from H on

15
a series of transition metals would then follow DMH.

(lil) Lastly, the values of (io)H to (io)D on Fe (a metal which

is with Con_ay and Bockris' second class, rate-determinlng H+ + Had s +

m

eo ---_H2) are not consistent _;ith this reaction. Ho_mver the position

of this metal in the log i° - /kH graph, compared with the log io _ DMH

line for Hg, Pb and T1, makes it possible that Fe is a proton discharge

15case •
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The Conway and Bockris view of 1957 makes a consistent picture

of the relative efficacy of catalysts for the h.e.r, and one for which

the difficulties are not insuperable. It has been developed by others. 95

The next approximation should take into account the effect of inter-

actions between H atoms on the surface and deal with the question of

tunnelling.

2. Hydrocarbons

Facts concerning ethylene oxidation on Pt, Ir, Rh, Au and Pd 13

are summarized in Table XII. The relative rates are shown in Fig. 21.

Group I (Pt, ir, Rh) oxidizes a_hylene to CO 2 quantitatively,

o_. The Group III

(Au, Pd) gives incomplete oxidation, and exhibits a Tafel slope nearer

.d in i.
toR_ t_ to_ andhas_ _H JE--O.

For the first Group_ the M-C bonds have a strength higher by

20 + 5 kcal mole -I from that of Group II. Incomplete oxidation with

Au and Pd can be more easily understood, than with Pt, _Trand Rh,

because the intermediate products would have a h_gher rate of desorp-

tlon.

Int_.rpretation of the relative rates of Au a_d Pd is difficult

because hitherto no mechanism study on the._e met_.ls h_s been made.

Rudimentary ideas on the mechanism, namely from the cuzrent-potential

and the pressure effect (positive) suggest a mechanism of the type :

C2H 4
C2H,_ads- (lO)
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k_

_k_--_-

÷ k3
+ H2°R.D.S.>c oH +H+

k4
m

C2_OHads fast _C2H40 + H+ + eo " (50)

If this type of mechanism is valid for the major contribution

to the reaction, the heat of activation will be determined primarily

by the heat of adsorption of C2_ + and C%CHO; as also by the thermionic

work function. Very roughly, one can suppose that the heat of adsorption

of C2_ + and C%CHO do not greatly differ for a given metal and hence in

a first approximation, the influence of the M_ bond strength can be

neglected. The work function effect remains. The experimental rates of

water discharge at the potentials of zero charge are about lO2 and the

theoretical about l_.

On Pt, Ir and Rh, the rate-determining step is probably water

discharge, _0 ---_OHad s + H+ + e ". The heat of adsorption and worko

function uould be the main metal-dependent parameters in determining the

rate. But the OH and H20 bonding, - and differences thereof on each

metal, - would tend to cancel. Hence, one might expect again principally

a work function dependence. The observed and expected trends are con-

sistent, though the agreement is hardly better than qualitative.

It is a feature of the reactions of the oxidation of hydro-

carbons that the coverage with oxide is important and shuts off the

reaction (by its formation of an oxide layer) at various characteristic

paths (see Fig. 20 and 6).
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VI: NEEDED TRENDS IN RESEARCH

It was stressed early in this paper that know,ledge of the theory

of electro-catalysis is at a rudimentary level. Some leading doubts in

the present position are herewith outlined.

(i) Adsorption and interactions within adsorbed layers:

Much more knowledge of thedependence of the adsorption of organic

compounds on potential, and upon their own structure and that of the

solid metal, is needed than that given in the initial papers by Bockris

and S_linkels.47

Similarly, the 0 and H adsorption position is restricted in

available ]mowledge almost to the noble metals. The importance of

know,ledge of the potential dependence of this adsorption is illustrated

by Dahms and Bockris IS results on the inhibition of the ethylene oxidation

rate when the adsorbed 0 is replaced by an oxide. The relative rates of

the same electrochemical reaction on a metal and a monolayer of its oxide

are not kno_. A tentative calculation 27 for water discharge onto bare

%+
and oxide covered Pt yielded the ratio of -- _ lO8.

Kp+O
Lastly, the equations of state for adsorbed layers on elec-

trodes are unexamined, although a beginning in this direction has been

given by Blomgren, Bockris and Jesch 44. The importance of such work is

exemplified by the findings of Conway and Gileadi .'96 the existence of a

sufficiently large interaction bet_een the particles in the final state

of a charge transfer reaction causes a change in the interpretation of

the mechanism on the basis of the slope of the Tafel line, and reaction

orders.
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(2) Path and rate-determining step:

The work to date is preliminary and needs not only extension

but particularly attack by alternative methods for verification. In

this respect the interpretation of transient studies is desirable. Tafel

slope, pH, and pressure effects, taken with a kno_71edge of @organic and

90 in the organic oxidation reactions, contribute substantially to

mechanism elucidation.

Although the study of a half dozen hydrocarbon oxidation

reactions by these methods would be helpful, it would still not allow

a solid theory of electrocatalysis of hydrocarbon oxidation (a central

topic from the view point of electrochemical energy conversion) until

information on a 18rge number of materials, rationally chosen to evaluate,

e.g., the effect of change of lattice parameter; the J_ufluence of crystal

face orientation; the effect of the d band characteristics; and that of

work function. It is desirable to have information, therefore, on a

large number of systems, of which the following appears to represent the

significant groups: (a) the noble metals; (b) alloys of the noble metals

and Group Ib; (c) non-noble metals in alkaline solution; (d) noble metals

containing small quantities of materials exhibiting redox properties,

e.g., Mo; (e) the semlconducting surfaces, e.g., carbides and borides.

Attention to variation of the rate with time at constant poten-

tial is of great importance, not only from the point of view of energy

conversion (cf. the possibility of maintaining the high current density

which exists initially after charging has terminated) but because knowledge

of the mechanism of the variation with time is important in mechanism
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interpretation. For example, in ethylene oxidation, the choice of H20 ,

rather than C2H4, as the source of the charge depends upon the observa-

tion of the decrease of current with increase of C2H 4 caucentration in

steady state. This is an acceptable conclusion, however, only if it can

be satisfactorily proved that it is not a product of a branching reaction

which poisons the electrode.

(3) Theoretical

Several basic aspects of the theory of electrode kinetics are

uncertain.

(a) Theory of_: Is charge transfer describable in terms of

classical equations, or is there a tunnelling of electrons over the small

distances involved ?

(b) Work Function: _Wnich work fUnction is effective and how is

the vacuum-measured value dependent on the water and organic molecule

adsorpt ion ?

(c) Electronic Structure of adsorbed organic compounds :

Detailed descriptions of bonding in terms of molecular orbitals offer

attractions for predictions concerning the rates of charge transfer

reactions at electrodes. Such considerations have been neglect d so far

in the theory of organic electrochemical reactions.

(d) Structure of the electric couble layer in the presence of

adsorbed, reacting entities: How do the water dipoles in the double

layer before additions of the organic molecule depend on potential and

on the organic adsorption? Where is the reacting entity, outside a

layer of adsorbed water or not? To what extent does our fairly good
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knowledge of the double layer structure on polarizable interfaces of

Hg in aqueous solutions of simple inorganic ions apply to solid elec-

trodes in the presence of organic molecules ? What effect has the

breakdo_m of the polarizable character of the double layer during reaction

upon the structural model?

Electrochemistry stands at an early stage in the investigation

of electro catalysis. Progress in research in this field would make

available energy conversion methods of wide applicability.
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ELECTROCHEMIDAL KINETICS (F PARALLEL REACTIONS

E. Gileadi andS. Srinivasan

The Electrochemistry Laboratory

The University of Pennsylvania

Philadelphia, Pa. 19104

The electrochemical oxidation of complex molecules (e.g. hydro-
carbons) sometimes involves branched reactions. Under these conditions,

it is difficult to define a reversible potential and the coulombic

efficiencies of product formation may then be potential dependent.

A number of cases of the kh_etics of b_nched reactions _ the

9c
type A ---_B ___"_D' with step A --_B rate-determining, are worked o_.

is found that in most cases, t_ coulombic yields are potential depen-
de_ over ce_a_ pote_ial regions. _e calculated variation of

coulombic yie_s w_h p_ent_l is compared w_h resu_s obtained in

the antic oxidation of some u_at_ated h_rocarbons.
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INTRCDUCTIC_

The fundamental quantities which determine the thermodynamic

feasibility of a fuel cell system are the free energy 5G; and the

entropy _S of the overall cell reaction and these quantities are

related to the reversible potential and its first derivatives with

respect to temperature. In some electrode reactlnus, e.g., the anodic

oxidation of ethylene, the overall reaction varies with the catalyst 1

and caution has to be taken in respect to the appropriate _G and

therefore the reversible potential.

Examples of electrochemical reactions in _;hich at least two

different products are formed are well known. 2"4 Thus in such cases

the electrochemical reaction may be a branched reaction, or it may be

preceded, accompanied or follo_ed by chemical reactions in solution.

Consider a branched reaction

//V C
(i)

A ----_ B ",,,_ D

where the coulombic yields for the formation of C and D are _ and QD

respectively. When the net current is zero, such a system will set

up a mixed potential 5 which lies between the reversible potentials

EA_ and EA_ D for the two overall reactions. A single reversible poten-

tial cannot be defined for such a system, particularly when the coulombic

yield OC and QD are potential dependent.

In the treatment belo_ we consider a reaction scheme such as

(I)_ giving rise to two products* and assume that all reactions are

*The extension of this treatment to cases where three or more products
are formed is trivial.
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PARALLEL REACTION SCHEME

Consider an electrochemical reaction of the type (I)

A --9 B (II)

B _---c (ill)

B _ D (IV)

where step II is rate-determining. The rate equations corresponding

to these steps will be

v2= k2 [A] exp ([_2z2VF/RT) (i)

vS : kS [B] exp (_3zsVF/RT) (2)

[o]ex,[-(1-
v4: '<40'] e_(_4_.4_/_ (4_

where kl, _i and zi are the specific chemical rate constant, the

symmetry factor and the charge transferred in the ith step, respect-

ively.** V is the metal solution potential difference and the solutions

have been assumed to be such that the electroklnetic effects can be

neglected.

At steady state we have

at = v2 - (vs - v-3 ) - (v4 - v__) = o (6)

@ el. the work of Bard et alv-8_

controlled reactions.

who considered such effects for diffusion

**Normally z = + I and it is therefore omitted from the exponential

term. In the present treatment z = + 1 for an electrochemical step

and z = 0 for a purely chemical step.
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hence from equations (1-6) the steady state concentration of iB] at

the electrode is

k3 exPW3z3VF/RT) + k4 exp_4z4VF/RT)-

(7)

The fractional coulombic yields O_ and QD are defined as

i3 - i 3 _. n3!v3-v-3_ _v3 v3 -v_3ct = _'i3_i_3)+(i__i 4) n3(v3-v_3)+n_(v4-v 4) = (v 3 )+(n4/n3)(v4-v._)

(s)

and similarly

v4 - v_

= [_--3_(v3 _v. 3 )+(v4_v_ ) (9)

where i3 and i4 are the partial c_._rents for the two parallel steps

III and IV; and n3 and n4 are the total numbers of electrons transferred

in the overall reactions A ----)C and A --_ D, respectively.

Case i

We consider first the case when all reverse reactions may be

neglected, namely v3 = v4 = 0 and derive the various modes of depen-

dence of the rates of the parallel paths on potential and the correspond-

ing coulombic yields.

(a) If steps III and IV are both "chemical" (i.e. zB = z4 = 0

and n3 = n4 = Zl) we have (from equations 2, 4 and 8)

= v3 k3

Qc v3 +v4 =k3 +k_ (lo)

and similarly



v4 k4

v3 + v_- k3 + k4
(ii)

Thus the coulombic yields in this case are independent of potential,

but will generally be temperature dependent.

(b) If step III is electrochemical but step IV is purely

chemical (ie. z3 = i; z4 = O; n3 = z2 + z3 --2; n4 = z2 + z4 = I)

we have

v3 _ v3 1

= vs+(n4/n 3 _4 v3+v4/2 - l+(k4/2k 3 )exp(p3/VF/RT)

and

(_)

v4 1

QD =(n3/n"--4)v3+v4 - l+(2k3/k4. )exp(3VF/RT) (13)

The ratio of coulombic yields is

Qc 1+(_4/2k_)e_(-_3vF/R_)= (m31k_)exP93VF/_)
= l+(2k31k4)exp(_3vylRT)

(14)

Since the coulombic yield can be determined in many cases to

better than 5%, its variation with potential, according to equation (14)

.
could be observed over 150 mV or more.

(c) If steps III and IV both depend on potential, but to

different extents (i.e. z3 _ O; z4 _ O and _3z3 _ _4z4) _e have

- l+(n4kjn3k 3 )elxp(/O 4z4- hQ3z3 )VF/RT (15)

*The coulombic yields serve in this case as diagnostic quantities to deter-

mine the path of the reaction. A transition from step II followed by
step III to II followed by Y¢ is, in fact, a change in mechanism and both

reaction products will only be produced in appreciable amounts in the
range of potential in which a dual mechanism),9 occurs.
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and

1

Qo = l+(nBk3/n4.k4.)exPr_ " -(_ 4z_-p3z3 )VF/RT] (16)

and the ratio of coulombic yield will be

%1%: ( ,:,SkJn4k4)expl-(/Sf.S-_4-.,,)vFl_m'] (17)
Equations 15 to 17 are of particular interest in cases where the rates

of the two parallel reactinns depend on potential to a slightly different

extent. In this case one would expect a slow variation of QC and QD
with potential over an extended potential region.

Case 2

Here we consider a case in which the reverse reaction for one

of the parallel steps is still negligible while that for the other is

not (e.g., v_3 = O; v_4 _0). Step II is assumed rate-determlning as

before.

(a) Similar to case la we assume first that both steps III

and IV are purely chemical (z3 = z4 = 0). Then

% _ v3 k3

v3+v4-v_- k3+k4_,<_ r_D]/IB.] (is)

Substituting the steady state value of [B _ from equation (7) and

rearranging _.e obtain

+ _<-4[.D-] __]k2[A _ exp('_2VF/RT)
(_9)

also

__

v3+v4 -v

kii-k .4. [D._-t/[- B ]

'<3+_$-k-,+[ .,o]iE_J (20)

and upon substitution from equation _7) we find
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k4 [l k3k'4 [D ] 1% = k3+k,_ "k2_4 [A] e_(-p2VFI_) (21)

Thus the coulc_bic yields are dependent on potential though the rates

of steps III and IV are not directly potential dependent.

(b)

(i.e. zS = 1, % = o; _ = 2, _ = l)_ _',,,e

v3 _ 5exp(_3_IR_)
% =v3+Cv4-.,, [D]/2[B]

If Step III is electrochemical but step IV is chemical

(m)

Substituting again the steady state value of [B _ from equation (7) and

rearranging we have

and

k3exp(_sVF/RT) [ k4 [_D_ 1% = k3exp(_3VFiR_,)+k_121 + _eLA ] exp(-#2vF/_)
(23)

(24)

COMPARISO_ WITH EXPERIFENT

During the st.,dy of the mechanism of the anodic oxidation of

butadiene and benzene on platinized Pt electrodes I0 the coulombic yield

for CO 2 production was determined at a number of current densities.

These results are shown in Fig. la and 2a. The corresponding partial

current densities, defined as the product of coulombic yield and total

current density at which it is measured is plotted in Fig. ib and 2b as

a function of potential. Fig. 3 shows, for comparison, the values of

the partial current densities as a f_nction of potential calculated



from equations (12) and (13). The similarity between Fig. 2b and Fig. 3

is rather striking if we recall that a simple three step reaction was

assumed here for the purpose of calculation, while the oxidation of

benzene involves thirty charge transfer steps and proceeds through a

very complex reaction path.

CONC IDSI_

The coulombic yield is potential dependent in most cases over

a limited potential range (O.1 - 0.2 volts, depending on the accuracy

with which it is determined) and unity outside this range. Care must

be exercised in evaluating the exchange current density of a reaction

when a coulombic yield of less than unity is observed. Thus the extrap-

olation of the observed current density to the reversible potential

calculated for complete combustion of butadiene to CO2 gives the

correct exchange current density for this reaction, as can be seen from

Fig. lb. In the case of benzene, however, a similar procedure is entirely

invalid (cf. Fig. 2b) since, as the reversible potential is approached,

the fraction of the reaction forming CO 2 becomes exceedingly small.

In electro-organic synthesis the yield of a desired product

m_y be lucreased by operating at a different potential, changing the

temperature ll or changing the concentrations of reactants in solution

(cf. equation 19 or 23 ).
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Fig. la:

Fig. lb:

Fig. 2a:

Fig. 25 :

Fig. 3:

CAPTIONS TO FIGURES

The coulombic yield for CO2 production and the ratio of coul-

ombic yields on the anodic oxidation of butadiene on platinized

Pt electrodes as a function of current density.

Overall and partial current densities in the anodic oxidation

of butsdiene on platinized Pt electrodes as a function of

potential.

The coulcmbic yield for CO2 production and the ratio of coul-

ombic yields in the anodic oxidation of benzene on platinized

Pt electrodes as a function of current density.

Overall and partial current densities in the anodic oxidation

of benzene on platinized Pt electrodes as a function of

potential.

Calculated partial current densities equation 14 plotted as

a function of potential.
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